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Abstract 
The rice weevil, Sitophilus oryzae (Linnaeus) is a cosmopolitan insect pest that can cause 
severe damage to stored grain with regard to both quality (loss of nutritional and aesthetic 
value) and quantity (loss of grain weight). Heavy reliance on the fumigant phosphine to 
disinfest stored products has led to resistance to phosphine in many insect species 
including S. oryzae. The frequency and level of phosphine resistance in S. oryzae has 
increased in the last fifty years in Asian and Africa countries and recently in Australia as 
well. A strongly phosphine resistant strain of S. oryzae was first detected in 2009 in 
Australia. I have determined the strong resistance trait in this strain to be incompletely 
recessive, autosomal and controlled by at least two major genes. The weakly resistant 
Australian strain shares a common resistance factor with the strongly resistant strain 
(So_rph1), which is responsible for weak resistance. I also compared the resistance trait of 
the Australian strain to that of collected from Vietnam and China. Complementation 
analysis revealed a shared genetic mechanism of phosphine resistance between the three 
strains that I tested.  
I then identified and sequenced the genes conferring phosphine resistance in this species. 
This process began with simply sequencing transcripts of the two genes known to be 
responsible for phosphine resistance in Rhyzopertha dominica and Tribolium castaneum 
(rph1/tc_rph1 and rph2/tc_rph2). rph2/tc_rph2 had been published and was known to 
encode the metabolic enzyme, dihydrolipoamide dehydrogenase (DLD).  Variants of DLD 
(So_rph2) also cause strong resistance in S. oryzae when interacting with resistance 
variants of So_rph1. Therefore, rph2/DLD is responsible for strong resistance in each of 
the three species. A specific substitution mutation (N505T) in DLD is likely responsible for 
phosphine resistance as it is found in all strongly resistant strains of S. oryzae from 
Australia, Vietnam and China. A fitness cost associated with the resistance allele of 
So_rph2 was observed in the absence of selection in populations derive from the F1 
progeny between a strongly resistant strain and strains lacking a resistance allele at 
So_rph2.  
As DLD is one of three subunits (E1, E2, E3) of α-ketoacid dehydrogenase complexes, I 
hypothesized that suppression of the activity of subunits other than DLD might also result 
in resistance to phosphine. Thiamine pyrophosphate is critical cofactor of the E1 subunit 
and is required by very few other enzymes. I reasoned that insects cultured on a diet of 
white rice, which is deficient in thiamine, would experience inhibition of the activity of E1. I 
expected to observe the change in response to phosphine in both the susceptible and 
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resistance strains of S. oryzae when fed on white rice diet compared with the thiamine 
containing diet of whole grain (brown rice or whole wheat). Against my expectation, I found 
no significant affect of a thiamine deficient diet toward phosphine resistance in S. oryzae. 
A diet of white rice, however, did result in slowed developmental and a reduced number of 
progeny, but this effect was similar in both the phosphine resistant and susceptible strains. 
My work has demonstrated that the genetic mechanism for phosphine resistance is similar 
between S. oryzae and other pest insects studied so far. It will be straightforward to 
develop a molecular diagnostic to detect resistance alleles of S. oryzae in insect 
populations globally, facilitating resistance management.   
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CHAPTER 1. INTRODUCTION  
 
Phosphine (PH3) has been used as a fumigant to disinfest stored products since the 
1930s (Lelieveld, 2003). It is now in widespread use and is the only universally accepted 
fumigant, as the alternative, methyl bromide, has been phased out of general use under 
the provisions of the Montreal Protocol agreement.  The sustainable use of phosphine is, 
however, under threat as resistance has been recorded in several species of insect pest of 
stored products across many countries, with resistance appearing to increase both in 
frequency and strength (Schlipalius et al., 2014). 
The rice weevil, Sitophilus oryzae, is one of the most destructive insect pests of 
stored products as it is a primary feeder, attacking a broad spectrum of commodities, 
including grains, processed food and dried fruit (Hagstrum et al., 2013). A global survey 
undertaken in 1972-1973 detected resistance to phosphine in 6% of S. oryzae strains 
collected across six countries. Strength of resistance in the rice weevil was initially very 
low, less than 2.5 times the level of tolerance in the susceptible strain (Champ and Dyte, 
1976). By 1998, however, levels of phosphine resistance in adults of this species were 
recorded as 73x in Brazil, 337x in China and 425x in India (Zeng, 1998, Rajendran, 1998, 
Athié et al., 1998) compared to susceptible reference strains. Strong resistance to 
phosphine was then reported in strains from Morocco (Benhalima et al., 2004) and China 
(Daglish et al., 2002). More recently, strong resistance to phosphine has been detected in 
S. oryzae in Australia (Dr Jo Holloway, personal communication) and Vietnam (Dr Duong 
Minh Tu, personal communication).  
Although the frequency and strength of phosphine resistance in S. oryzae appears 
to be increasing significantly, we had no knowledge of the gene(s) or mechanisms 
responsible for resistance in this species and only very basic information on its inheritance. 
Genetic experiments indicated that strong resistance in a Chinese strain was incompletely 
recessive, autosomal and conferred by more than one genetic factor (Li and Li, 1994).  
Using similar methods, Daglish et al. (2014) reported autosomal and incompletely 
recessive inheritance in an S. oryzae strain from Australia, but this resistance was weak 
and conferred by a single genetic locus.  
The genes responsible for phosphine resistance have been identified in 
Rhyzopertha dominica and Tribolium castaneum. Phosphine resistance in both species is 
generally conferred by two major genes, namely rph1 and rph2 (tc_rph1 and tc_rph2 for T. 
castaneum). Each gene on its own causes only weak resistance, about 50x and 12.5x in 
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R. dominica or 3.2x and 12-20x in T. castaneum, respectively. In combination, however, 
synergistic interaction between the two genes results in resistance of 250x and 431x in the 
respective species (Schlipalius et al., 2002, Jagadeesan et al., 2012). The identity of 
rph1/tc_rph1 has until now remained unknown, although candidates for this gene have 
been isolated on chromosome 6 of R. dominica and on chromosome 8 of T. castaneum 
(Schlipalius et al., 2008, Jagadeesan et al., 2013). However, Schlipalius et al. (2012) 
determined that the rph2/tc-rph2 gene encodes the metabolic enzyme dihydrolipoamide 
dehydrogenase (DLD) in both species. Several resistance causing variants of this gene 
have been described. 
The development of resistance to phosphine is a very serious international problem 
given the key role of this fumigant in food security and trade. Given the lack of practical 
alternatives, implementation of strategies to manage this resistance is a priority; however, 
the sustainability of any resistance management strategy is limited by the knowledge that 
underpins it. In the case of S. oryzae, a major cosmopolitan pest, there is an urgent need 
to close significant knowledge gaps so that rational resistance management can be 
implemented. Fundamental information on the genetic basis of the resistance is required. 
This information will also be used in the development of molecular tools for resistance 
monitoring and management. Therefore, my thesis consists of the following objectives: 
1. To undertake classical genetic analysis of strong resistance to phosphine in S. oryzae 
to determine its mode of inheritance and degree of dominance (presented in chapter 
3). 
2. To test whether mutations for phosphine resistance were on the same or different 
genes in strains of S. oryzae from diverse geographic origins by performing genetic 
complementation analysis of phosphine resistance in strains of S. oryzae collected 
from Vietnam and China with the genetically characterized Australian strain (presented 
in chapter 4).  
3. To sequence and validate the previously identified phosphine resistance gene (dld 
gene) from R. dominica and T. castaneum in strains of S. oryzae collected in Australia, 
Vietnam and China (presented in chapter 4). 
4. To analyse potential fitness costs associated with the resistance allele in S. oryzae 
(presented in chapter 4). 
5. To investigate the hypothesis that thiamine deficiency of a diet of white rice might 
increase phosphine tolerance in pest insects. Also, to determine whether thiamine 
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deficiency could slow development or interfere with reproduction of susceptible, 
strongly resistant and weakly resistant strains of S. oryzae (presented in chapter 5). 
My thesis includes 6 chapters. In the first chapter I introduce the significance of the 
project, then in chapter 2, I review the published information on resistance to insecticides 
including phosphine in S. oryzae, incorporating status, genetics and strategies for 
managing resistance. In chapters 3, 4 and 5 I present my research addressing the 
objectives of my thesis as outlined above. In the last chapter, I present a general 
discussion of this work and my conclusions. 
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Abstract 
Resistance to insecticide is always a serious concern in the grain industry and is therefore 
a major focus of research as well.  The rice weevil, Sitophilus oryzae (L.), is a major pest 
of stored and export grain. Here, we review the literature on resistance to insecticides of 
importance to control of S. oryzae. We will review the status of resistance to each 
compound, the genetics of resistance in the pest and management strategies and control 
issues. Generally, most registered chemicals are able to control rice weevil when applied 
at the recommended commercial rate. When resistance is detected, mixtures of 
insecticides of different classes are commonly applied to overcome resistance. The modes 
of inheritance of resistance are discussed in comparison with other stored grain insect 
pests. Finally, we will discuss the molecular genetics of resistance and the utility of DNA 
markers for resistance detection.    
Keyword: rice weevil, resistance, insecticide, genetics, management of resistance, stored 
grain pests. 
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1. Introduction 
Origin and characteristics: The rice weevil, Sitophilus oryzae, is a grain–feeding 
species belonging to the Curculionidae family, in the order Coleoptera. Sitophilus oryzae 
was described by Linnaeus in 1763 and was previously known as Calandra oryzae. 
Further studies on various strains of C. oryzae showed that the species actually included 
two distinct weevils, S. oryzae (L.) and Sitophilus zeamais (Motschulsky) (Longstaff, 
1981). The rice weevil can be distinguished from two other weevils in the Sitophilus genus 
(S. zeamais and S.  granarius) by morphological characters of the adults, such as pronotal 
puncture, elytra colour, elytral intervals compared with the striae, the development of hind 
wings, the shape of male genitalia and body size (Bosquet, 1990, Rees and Rangsi, 
2004). Alternatively, the species can be distinguished based on biological differences 
including life cycle, grain preference, flying ability and distribution (Longstaff, 1981). These 
Sitophilus species can also be identified by molecular markers (Hidayat et al., 1996, Peng 
et al., 2003), karyotype (2n=22 in S. oryzae and S. zeamais, 2n=24 in S. granarius) (Smith 
and Brower, 1974) as well as some biochemical differences (Baker, 1982, Baker et al., 
1984, Baker, 1987).   
Biology: S. oryzae breeds only on intact grain and all immature stages from egg to 
adult occur inside the grain. The female inserts eggs into a seed on which she has fed, 
sealing that oviposition hole with a biogenic material, followed by larval and pupal 
development completely inside the seed. Interestingly, the newly moulted adult usually 
stays inside the grain for some time, depending upon temperature, before making a hole in 
the grain, allowing it to emerge (Longstaff, 1981). The adult can mate immediately upon 
emergence or up to two days after emergence (Cotton, 1920). Normally, one mature adult 
develops per grain although more than one egg may have been deposited inside the grain 
(Howe, 1952). The life cycle of rice weevil is from 37 to 40 days at 25ºC and 70% relative 
humidity (r.h) in which the development time for each stage: egg, larvae, pupae and adult 
occur within 4-7 days, 18-22 days, 6-14 days and 3-4 days, respectively. However, the 
duration of immature stages of development is dependent on the moisture content of the 
grain, the temperature and relative humidity (Longstaff, 1981). The conditions for optimum 
development and oviposition of the rice weevil are 28-30ºC and 75-90% relative humidity 
(Reddy, 1950). The lifespan of the rice weevil depends on season and their frequency of 
oviposition. In warm temperate weather, the adult after emergence live from three to six 
months. During winter and autumn, they become less active and reduce egg laying, their 
lifespan extends to up to eight months and they can survive starvation for one month 
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(Cotton, 1920). Males and females of this species can be identified by external characters 
of their snout: the female‘s snout is longer, narrower and has a smoother appearance than 
that of the male (Halstead, 1963). The female lays 3-4 eggs per day and can produce 300-
400 eggs during their lifetime. The rice weevil usually occurs in tropical and subtropical 
regions of the world, however this species can also be found in some cooler areas 
(Longstaff, 1981).  
Economic importance: S. oryzae is one of the most serious insect pests of stored 
grain, and is therefore of huge concern to grain handling and export industries. Rice weevil 
attacks a wide range of cereals (wheat, barley, oat, corn, sorghum, rice, millet, buckwheat, 
rye), chickpea, beans, nuts (cashew nut, chestnut) and processed food such as flour 
(wheat and rice flour), pasta, cakes, biscuits, bread and crackers. It also feeds on fruit 
(apples, grapes, peaches, berries and avocado seeds), tobacco and sweet potato 
(Hagstrum et al., 2013). Although adult weevils do not show a preference among their food 
sources, their fecundity is enhanced on grain (cereals, chickpea and cotton seeds) which 
provides sufficient nutrition for the development of larvae  (Longstaff, 1981, Cotton, 1920). 
The adults feed on the outside of the grain, embryo and endosperm, whereas the larvae 
burrow inside the grain. Both the adults and larvae, therefore, cause the loss of grain 
weight and quality (i.e taste change, nutrition loss and loss of viability) (Cotton, 1920). 
According to a global survey carried out in 85 countries, S. oryzae is ranked as the first 
important pest causing the highest damage to almost cereals regarding of production and 
exporting trade. S. oryzae was found in 67.7% of grain samples, destroyed 45% total world 
grain production (1056x106 million tons) and 55% total exporting grain (39x106 million 
tons) of 50 tested countries (Champ and Dyte, 1976).  
Resistance and control: Chemical insecticides have been widely applied to the 
disinfestation of grain since the second world war (1940-1945) (Ware, 1983). However, the 
heavy reliance on individual insecticides invariably led to resistance to that chemical, 
followed by deployment of an alternative chemical. The cycle was then repeated. The first 
resistance in S. oryzae was to lindane (Parkin, 1965) followed by DDT (Champ, 1967), 
malathion (Lin, 1972), fenitrothion and pyrethroids (Champ and Dyte, 1976). Due to the 
biological characteristics of the rice weevil, application of many residual insecticides to 
weevil-infested grain will have most toxic activity against the adults moving among the 
kernels, while internal life stages will generally escape contact with the insecticide. 
Management of resistance is typically reactionary, but could greatly benefit from an 
understanding of the biochemical mechanisms and genetics of resistance. However, such 
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studies in S. oryzae are very limited. While the review article by Boyer et al. (2012) pointed 
out resistance to 8 chemical and biological insecticides in S. oryzae, most these 
resistances have not identified their corresponding mechanisms. 
Fumigation with phosphine has been used for several decades and is currently the 
most widely used strategy globally (Bell, 2000). The advantage of phosphine fumigation is 
that it can effectively control all weevil life stages as the gas will penetrate the infested 
seed. Unfortunately, phosphine resistance in the rice weevil is increasing in both strength 
and frequency in many countries (Schlipalius et al., 2014). 
As the problems of resistance in S. oryzae increase, they have the potential to 
profoundly impact the grain industry globally. In this review, we focus on the frequency, 
strength and genetic mechanisms of resistance to insecticides that have been detected in 
the rice weevil. We also summarise the strategies that have been employed to manage 
these resistances. 
2. Distribution and properties of insecticide resistance in S. oryzae 
Insecticides have been used to control pests since 1000 B.C, when sulfur was 
burned to release sulphur dioxide (SO2) as a fumigant. However, it is only since the 
second World War (1940-1945) that chemical pesticides have been widely used in 
agriculture. Based on chemical structure, insecticides are divided into 16 groups including: 
organochlorines, organophosphates, organosulfurs, carbamates, formamidines, 
thiocyanates, dinitrophenols, organotins, synthetic pyrethroids, botanicals (natural 
insecticides from plant), synergists (chemicals together insecticide to enhance the activity 
of that insecticide), inorganics (insecticide without carbon, i.e. metals), fumigants, 
microbials (insecticides made out from microbes or microorganisms), insect growth 
regulators (i.e. juvenile hormone, molting hormone) and insect repellents (Ware, 1983). 
Currently, Insecticide Resistance Action Committee (IRAC) listed 29 groups of insecticide/ 
arcricide arcording to their specific  mode of action and one unknown mechanism group 
(www.irac-online.org/modes). Insecticide resistance is detected by a bioassay using a 
controlled diagnostic dose. The diagnostic “dose”, the applied quantity of toxin under 
standard conditions (i.e. time, temperature, application surface), should easily kill 
presumed susceptible insects and allow resistant insects to live or recover. Thus, if the 
insect pests survive at diagnostic dose, they will be diagnosed as a resistance strain. 
Accordingly, resistance in the rice weevil has been reported to many synthetic organic 
insecticides applied in stored product protection (Table 2.1) and some fumigants (Table 
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2.2). Most of the reports cited below show the resistance factor or resistance ratio of a 
resistant strain relative to that of the known susceptible strain. This parameter is usually 
calculated by dividing the LD50 of the resistant strain by the LD50 of the susceptible strain.  
2.1. Resistance to organochlorines  
Resistance to the organochlorines DDT and Lindane occurred before 1980 (Table 
2.1). DDT was first used in 1946 and was the first organochlorine used as a grain 
protectant. DDT was applied as a dust mixed throughout the grain. DDT then was replaced 
by the more effective insecticide, lindane, in 1952 (Champ, 1968). There was no report of 
resistance to DDT in S. oryzae at the time of transition between these two insecticides 
(Champ and Dyte, 1976). Resistance to DDT in the rice weevil was detected in Australia 
and India with 14-fold resistance at a 24 h exposure. The DDT resistant strains are often 
cross resistant to other insecticides such as lindane or malathion (Champ and Cribb, 1965, 
Champ, 1967, Champ and Dyte, 1976, Bansode, 1974). Champ (1967) also detected a 
highly DDT resistant strain (SO72) collected in Queensland, Australia but did not measure 
the level of resistance in this strain. The study of Cichy (1971) showed the high level of 
resistance to DDT in the laboratory selected strain of S. oryzae. The resistance at the 15th 
selected generation was 40 times that of basal tolerance of a susceptible strain when 
maintained at 25ºC for the 72 h exposure period. 
 Resistance to lindane in S. oryzae developed over a very short time span of 10 
years, from the 1960s to the 1970s. Resistance during the 1960s was reported 
sporadically in countries such as Trinidad (13.2x), Kenya (9.5x), Tanganyika (2.6x) 
(Parkin, 1965), Pakistan (8x) (Parkin and Forster, 1966) and China (Taiwan) (Lin, 1972). 
Notably, Champ and Cribb (1963) and Champ and Cribb (1965) detected two lindane 
resistant strains of S. oryzae from sorghum seed in Queensland, Australia, with resistance 
levels of 77 times and 85 times. By the 1970s, Lindane resistance was prevalent 
worldwide, being detected in 53 of 58 countries accounting for 75% of total S. oryzae 
samples during a 1972-1973 global survey (Champ and Dyte, 1976). Dyte et al. (1974) 
also carried out a survey on 8 species of stored product insects collected in England, and 
recorded 80% of S. oryzae strains as resistant to lindane. In contrast, the samples of S. 
oryzae collected in New Caledonia in 1982 revealed no resistance to lindane in all tested 
strains (Brun and Attia, 1983).  
 9 
 
Apart from DDT and lindane, there was also resistance to other organochlorines 
such as dieldrin, endrin and isodrin detected in Indian S. oryzae strains (Bansode, 1974). 
However, all these resistances were very weak, < 4x (Table 2.1). 
2.2 Resistance to organophosphates  
Organophosphate (OP) is a major insecticidal group used to protect post-harvest 
agricultural products. A few these chemicals are highly toxic to vertebrates, but most of 
them break down readily in the environment. They can be used as contact or systemic 
insecticides. They are cholinesterase inhibitor that kill by inducing excitotoxicity in the 
nervous system of the targeted individual (Ware, 1983). Resistance to many OPs have 
been detected in S. oryzae, especially the widespread development of resistance to 
malathion. 
Malathion was used as stored product protectant in 1958, at which time it replaced 
the more persistent organochlorine insecticides (e.g. lindane) (Beeman and Wright, 1990). 
Before the global survey of FAO on resistance to pesticides in stored product pests, 
resistance to malathion in S. oryzae was reported in India (Rajak, 1973), England (Dyte et 
al., 1974), China (Taiwan) (Lin, 1972) and Australia (Greening et al., 1974). The FAO 
survey in 1972-1973 tested 226 samples from 59 countries, showed 33 strains to be 
resistance to malathion from Colombia, Peru, England, Mozambique, Central African 
Republic, India, Nepal, Pakistan, Australia, Papua New Guinea. The strains sent from 
China however were susceptible to malathion in this survey (Champ and Dyte, 1976). The 
frequency of resistance to malathion in S. oryzae afterward increased considerably to 90% 
in Australia (Herron, 1990) and 65% in Brazil (Pacheo et al., 1990). Apart from a report in 
India showing a relatively high resistance to malathion in S. oryzae with resistance level at 
49 times (Bansode, 1974), the strength of resistance generally remained at a low level in 
both intensity and frequency. Some strains of S. oryzae collected in New Caledonia, USA 
and Israel remained sensitive (Haliscak, 1983, Horton, 1984, Navarro et al., 1986, Brun 
and Attia, 1983, Baker and Weaver, 1993) (Table 2.1).  
Malathion was withdrawn from the stored product insecticide market in eastern 
Australia since 1976 and in the late 1980s in the USA and other countries (Collins and 
Wilson, 1986, Baker and Weaver, 1993). It then was replaced by fenitrothion (Collins and 
Wilson, 1986). Resistance to fenitrothion in S. oryzae appeared with high frequency in 
some areas in Australia during 1980s, but instances of resistance then reduced 
significantly. The first detection of resistance was reported in a laboratory S. oryzae strain 
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(CSO231) derived from a field strain collected in Western Australia, with resistance at 6x 
that of a susceptible reference strain (Champ and Dyte, 1976). Carter et al. (1975) then 
showed no resistance to fenitrothion in the CSO231 strain when applying another testing 
method of the dusted grain with fenitrothion instead of the impregnated paper method 
previously used by Champ and Dyte. Resistance then was detected in 53% and 73% of 
field strains in Queensland with low level of resistance, from 2 to 4 times compared to the 
reference susceptible strain (Collins and Wilson, 1986). Resistance was only observed in 
18.75% samples from New South Wales (Herron, 1990). Collins et al. (1993) continuously 
investigated new resistance to fenitrothion in S. oryzae from field populations collected in 
Queensland, Australia using the resistant strain QSO56 as a reference. QSO56 carries 
resistance against multiple chemicals with resistance to fenitrothion of 14.3 fold. As 
QSO56 is representative for resistance strains in eastern Australia, any field strain that 
could survive a dose that killed 100% of QSO56 (12 mg kg-1), would be considered a new 
resistance isolate. However, the survey did not detect any new resistance strains from 18 
S. oryzae samples. An extensive survey during 1998 - 2002 showed that only 17% of S. 
oryzae strains collected in Australia were fenitrothion resistant (Wallbank and Collins, 
2003). Fenitrothion resistance was also reported in an Indian S. oryzae strain that was 
highly resistance (39x) (Bansode, 1974) as well as one strongly resistant strain in Brazil. 
The latter was resistant to malathion and pirimiphos methyl as well (Pacheo et al., 1990).  
Two alternative organophosphates, chlorpyrifos methyl and pirimiphos methyl, were 
used for direct treatment of stored grains since 1985 (Beeman and Wright, 1990).  
Chlorpyrifos methyl efficiently controlled the highly fenitrothion resistant strain of 
sawtoothed grain beetle, Oryzaephilus surinamensis in eastern Australia (Collins and 
Wilson, 1987). Resistances to these OPs in S. oryzae, however, were weak and not 
economic significance. Weak resistance (2x - 5x) to both insecticides was reported in S. 
oryzae strains in Western Australia (Champ and Dyte, 1976) and often detected at low 
frequency in Australia (Wallbank and Collins, 2003). There were 3 of 20 populations in 
Brazil found to exhibit low resistance to chlorpyrifos methyl and pirimiphos methyl (Pacheo 
et al., 1990). Baker and Weaver (1993) determined no resistance to chlorpyrifos methyl 
but slightly resistant to pirimiphos methyl (1.7x) in S. oryzae strains in the USA.  
Dichlorvos can be used both as a contact insecticide by spraying directly to grain or 
as a fumigant volatilised from impregnated filter paper. However, the vapor form is more 
effective at controlling stored product insects than is contact (Desmarchelier et al., 1977). 
Response to dichlorvos in S. oryzae was sensitive in strains in New South Wales, 
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Australia (Greening et al., 1974) or slightly resistance in samples collected in Western 
Australia (Champ and Dyte, 1976), India (Bansode, 1974) and Vietnam (Duong and Bui, 
2004) (Table 2.1). 
Some other resistances to organophophates have been detected in S. oryzae 
strains collected from Poland, Australia and India. For example, the high level resistance 
to oxydemetonmethyl in Poland strain (Cichy, 1971), resistances to bromoxon (8x), 
fenitroxon (5x), diazinon (10x), diazoxon (7x), cyanophos (5x), fospirate (3x), 
tetrachlorvinphos (7x) in Australian strain (Champ and Dyte, 1976) and resistances to 
diazinon (7x), parathion (33x), methyl parathion (21x), jodfenphos (9x), disulfoton (7x), 
phosphamidon (6x) in Indian strain (Bansode, 1974) (Table 2.1).  
2.3 Resistance to carbamates  
Carbamates are produced from carbamic acid and act similarly to OP insecticides. 
Carbaryl, a carbamate, has been widely used in many parts of the world since 1956, as it 
is effective at controlling a wide range of insects and is safe to non-target mammals, 
(Ware, 1983). Carbaryl resistance in S. oryzae was detected in Australian and Indian 
strains at levels three and five times that of a susceptible strain (Bansode, 1974, Champ 
and Dyte, 1976). 
2.4 Resistance to synthetic pyrethroids 
Synthetic pyrethroids have been used to supplement or replace conventional 
insecticides against which insect pests have become resistant (Elliott et al., 1978). The 
synthetic pyrethroids have undergone a long developmental history encompassing 4 
generations. The early generations of pyrethroids were normally combine with synergist 
(i.e. piperonyl butoxide - PB) to inhibit degradation, thereby enhancing their effectiveness. 
The latest generation pyrethroids are effective against a broad spectrum of insects at low 
concentration. Furthermore, they are stable without synergists and under sunlight (Ware, 
1983). The initial reports described resistance of S. oryzae in Australian strain (7x) 
(Champ and Dyte, 1976) and Indian strain (4x) (Bansode, 1974). The Australian strain was 
also resistant to fenoxythrin, pyrethrin plus a synergist and bioresmethrin plus a synergist. 
Surprisingly, Carter et al. (1975) also used the same strain from Australia but found no 
resistance to most tested pyrethroids such as pyrethrins (-/+PB), bioresmethrin (-/+PB), 
cismethrin (-/+PB). The LC50s of the susceptible strain were even higher than the values of 
the resistant strain. This study only determined the resistance to tetramethrin plus PB (2x) 
in the Australian resistant strain. Heather (1986) selected in the lab, an S. oryzae strain for 
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resistance to permethrin and deltamethrin over 25 generations. The levels of resistance 
were very strong - permethrin (256x) and deltamethrin (98x). The strain selected for 
permethrin resistance was also resistant to the following compounds plus a synergist (PB): 
deltamethrin (161x), bioresmethrin (242x), fenvalerate (264x), cypermethrin (1183x). The 
strain selected for deltamethrin resistance was also resistant to the following compounds 
plus PB: permethrin (392x), bioresmethrin (292x), fenvalerate (192x), cypermethrin 
(1100x). A study of Athanassiou et al. (2004) concluded that deltamethrin and cyfluthrin 
were more toxic than cypermethrin when used to control S. oryzae, however none of the 
treatments caused 100% mortality of this species. Many studies compared the responses 
of Coleopteran pests to bioresmethrin, resmethrin, deltamethrin, showing that R. dominica 
and T. castaneum were more sensitive to these pyrethroids than S. oryzae (Samson and 
Parker, 1989, Arthur, 1992, Arthur, 1994). 
2.5 Resistance to fumigants  
Resistance in S. oryzae found to 5 fumigants presented in Table 2.2. 
Kamel and Fam (1962) fumigated an S. oryzae strain with carbon disulphide (CS2) 
to select resistance to this fumigant. Progeny after four generations of selection were a bit 
more tolerant (1.4x) than the unselected individuals. Lindgren and Vincent (1965) selected 
with hydrogen cyanide (HCN) for 36 generations to generate 2.5x resistance in S. oryzae. 
This strain also was slightly more tolerant to two other fumigants, ethylene dibromide 
(1.2x) and methyl bromide (1.2x). Resistance to fumigants in S. oryzae from field strains 
was not reported until the global survey from 1972 to 1973 carried out by the UN Food and 
Agriculture Organization. Using a discriminating dose, the survey isolated one strain in 
Kenya resistant to methyl bromide from a total of 140 strains collected from 53 countries. 
Resistance to phosphine however was detected in 6 countries accounting for 6% of 135 
strains from 51 countries. The highest resistance to phosphine tested from the adult 
insects was 2.5x from an Indian strain (Champ and Dyte, 1976).  
Additional research (Hole, 1981) used some of the same S. oryzae strains collected 
from the global survey to test resistance to phosphine and methyl bromide at all life 
stages. Each strain from Brazil, India and Thailand were more tolerant of phosphine 
(2.09x) than the reference laboratory strain at both immature stages (eggs and pupae) as 
well as adults, and one Taiwanese strain was more tolerant of phosphine at the immature 
stages only. Whereas the previous FAO survey detected one strain from Kenya that 
survived a discriminating dose of methyl bromide, this later study showed resistance to this 
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fumigant in two strains each from Brazil and Thailand (3.96x), six strains each from India, 
Thailand, Argentina and Burma (2.1x) at the egg and pupal stages. For the adults, there 
were two strains from Taiwan and Thailand increasing tolerance to methyl bromide about 
1.93x that of the laboratory strain.  
Bansode (1974) tested the response of a S. oryzae strain in India to 7 fumigants, 
showing relative tolerance to methyl bromide (2.6x) and phosphine (1.7x), but sensitivity to 
carbon disulfide, ethylene dibromide, ethylene dichloride and carbon tetrachloride. Navarro 
et al. (1985) exposed adults of the rice weevil to carbon dioxide at concentration of 40% 
and 75% in air over seven and ten generations, respectively. The authors identified 
resistant strains to carbon dioxide at F7 (2.15x), F10 (3.34x) compared to the susceptible 
strain.  
Since the 1990s two fumigants have been used continuously worldwide to protect 
post-harvest grains, methyl bromide and phosphine (Banks, 1994). Although methyl 
bromide has high toxicity and rapid action against insect pests, this gas contributes to 
ozone depletion, so its use has been banned, except for quarantine purposes (Fields and 
White, 2002). Since the withdraw of methyl bromide, phosphine has been the only 
generally useable fumigant. Phosphine is easy to apply, free of residues, inexpensive, 
does not harm grain viability and is toxic toward all aerobically respiring insect pests 
(Chaudhry, 2000). Heavy reliance on phosphine, however, has led to increases in 
resistance to this fumigant in terms of both frequency and level in major grain producing 
countries. There have been four surveys to monitor phosphine resistance in Australia 
since 1968. The first survey during 1968 to 1980 did not detect resistance in S. oryzae but 
it appeared in 18.4% of 38 samples collected from New South Wales in the second survey 
(1985-1986) and was common in Queensland (46.67%) by 1987 (Attia and Greening, 
1981, Herron, 1990, White and Lambkin, 1990). The third survey (1991-1992) carried out 
in Western Australia showed 9.4% of phosphine resistance in S. oryzae (Emery, 1994). All 
resistance reported in these three surveys was referred to as low or weak. Since 1997 
phosphine resistance in stored product insects was labelled with two phenotypes: weak 
and strong resistance based on ability to survive exposure to a discriminating dose of 
phosphine. The discriminating dose for each phenotype in S. oryzae is 0.04 mg L-1 (weak 
resistance) and 0.25 mg L-1 (strong resistance) for 20 h exposure (Anon, 1975). The 
recent survey (2010 – 2012) used the discriminating doses to test resistance of samples 
from all regions in Australia. The weak resistance common across grain growing regions of 
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Australia from 56% to 99%, whereas strong resistance appeared sporadically with a 
resistance level of 52x (Nayak, 2012a, Nguyen et al., 2015).  
Surveys for phosphine resistance in Vietnam before 1998 showed no resistance or 
slight tolerance to phosphine in S. oryzae and the resistance level was still weak during 
2001-2004 (Bui, 1998, Duong and Bui, 2004). The 2009-2012 survey indicated an 
incredible increase of strong resistance in the rice weevil, accounting for nearly 60% of 85 
samples, which was much higher than that of the weak resistance (Dr Tu M. Duong, 
personal communication). The resistance level of a Vietnamese strongly resistant strain is 
relatively similar to that of the Australian strongly resistant reference strain (Nguyen et al., 
2016).  
Sartori et al. (1990) in Brazil detected 5 in 6 strains of S. oryzae to be resistance to 
phosphine using a discriminating dose of 0.04 mg L-1. Another study for control of 
phosphine resistance in this species also collected from Brazil showed the highest 
resistance level to be 73x that of the susceptible strain (Athié et al., 1998). A survey of 148 
samples from storages and warehouses in Morocco detected 18 in 19 S. oryzae strains 
resistant to phosphine (using the discriminating dose of 0.04mg L-1), though some strains 
were found to survive a dose of 1.8 g m-3 (Benhalima et al., 2004). High-level resistance to 
phosphine in S. oryzae also has been recorded in China and India. Phosphine resistance 
in Chinese S. oryzae was about 64x in the 1975-1976 survey then increased to 337x after 
20 years (Zeng, 1998), while it was 425x for Indian strains (Rajendran, 1998). Phosphine 
resistance in S. oryzae was negligible in Pakistan in 1999 (Alam et al., 1999), the 
Philippines in 1995 (Gibe et al., 1995), Poland in 1998 (Ignatowicz, 1998) and in the 1991-
2001 survey in Malaysia (Rahim et al., 2004). 
3. Genetics of resistance to insecticide in S. oryzae 
Although resistance to many insecticides has been detected in S. oryzae, studies 
on the mode of inheritance of resistance to these insecticides has only been carried out for 
lindane, DDT, pyrethroids and recently phosphine. This has included analysis of the 
degree of dominance and sex linkage which involve phenotype analysis in reciprocal F1 
hybrids of susceptible and resistant parents as well as determination of the number genes 
responsible for the resistance trait in the back cross or F2 progeny of the F1. 
3.1 Inheritance of contact insecticide resistance 
The first genetic study of resistance to insecticide in S. oryzae was the genetics of 
resistance to lindane (Champ and Cribb, 1965). Resistance to lindane was semi-dominant 
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and controlled by one or two genes. Champ and Dyte (1976) reported the autosomal 
inheritance of this resistance (Table 2.3). Three studies of lindane resistance have been 
carried out on another insect pests of stored grain, T. castaneum in which resistance was 
also incompletely dominant with some disagreement as to whether the trait was 
monogenic or polygenic and whether the trait was maternally inherited or autosomal 
(Champ and Campbell-Brown, 1969, Kumar and Bhatia, 1982, Beeman and Stuart, 1990). 
These disparate results suggest that there are multiple ways to achieve resistance to 
lindane. 
Inheritance of resistance to DDT has been studied thoroughly in many insect 
species such as: houseflies (Musca domestica), mosquitoes (Anopheles species) or fruit 
fly (Drosophila melanogaster), whereas there is only a single paper related to genetics of 
this resistance in S. oryzae. In this paper, resistance to DDT was selected in the lab over 
10 generations. The resulting resistance was semi-dominant and sex linked, while a field 
resistant strain was controlled by more than one gene (Champ, 1967) (Table 2.3). In T. 
castaneum, resistance was autosomal and either semi-dominant or recessive (Erdman, 
1970, Bhatia and Panicker, 1976). 
Heather (1986) developed strains strongly resistant to permethrin or deltamethrin by 
selection in the laboratory for 15 generations, followed by selection for a further 10 
generations with the pyrethroid together with a synergist, PB. These resistances were 
incompletely dominant, sex linked and controlled by one gene (Table 2.3). Resistance to 
deltamethrin in a resistant strain of Sitophilus zeamais collected from stored grain in Brazil 
(Guedes et al., 1994) was also sex linked, but was fully recessive instead of partly 
dominance as observed in S. oryzae. In T. castaneum, the mode of inheritance of 
deltamethrin resistance was semi-dominant, but was conferred by multiple autosomal 
factors (Collins, 1998).  
3.2 Inheritance of resistance to fumigants 
Four papers have investigated the Mendelian genetics of phosphine resistance in S. 
oryzae (Table 2.3). All studies showed phosphine resistance in S. oryzae to be 
incompletely recessive, autosomally inherited. A weakly resistant Australian strain 
contained a single gene (Daglish et al., 2014) whereas strongly resistant strains from 
China and Australia were found to have two or more genes (Li and Li, 1994, Nguyen et al., 
2015). Complementation analysis of strongly resistant strains from Vietnam and China with 
the Australian reference strain revealed that the same two major genes were responsible 
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for strong resistance of all 4 strains (Nguyen et al., 2016). Furthermore, the resistance 
gene in the weakly resistant reference strain (So_rph1) also contributed to resistance in 
each of the strongly resistant strains, which also contained an additional resistance factor 
(So_rph2) (Nguyen et al., 2015). A report in proceeding of the International Working 
Conference on Stored Product Protection showed phosphine resistance of a S. oryzae 
strain collected from India was controlled by two genes, in which at least one major gene is 
semi-dominant (Mills and Athie, 1998). However, this study was limited to the responses of 
the susceptible, resistant strains and non-reciprocal F1 hybrids between the susceptible 
and resistant strains. Genetic mechanism of phosphine resistance in S. oryzae is very 
similar to that previously reported for other stored grain pests: R. dominica (Ansell et al., 
1990, Collins et al., 2002, Schlipalius et al., 2002, Schlipalius et al., 2008, Mau et al., 
2012b, Mau et al., 2012a, Kaur et al., 2012), T. castaneum (Bengston et al., 1999, 
Jagadeesan et al., 2012) and Cryptolestes ferrugineus (Jagadeesan et al., 2015). 
3.3 Molecular genetics of phosphine resistance 
A recent study determined that the dihydrolipoamide dehydrogenase (DLD) gene 
contributes to the strong phosphine resistance trait in S. oryzae (Nguyen et al., 2016). This 
gene was previously identified as the rph2 resistance factor known to cause strong 
resistance to phosphine in R. dominca and T. castaneum. The strong resistance 
phenotype results from a synergistic interaction between the DLD gene and the rph1 
resistance factor. The identity of rph1 has not yet been reported, but by itself, it is the 
cause of weak resistance.  
Determination that the rph2 resistance factor was indeed the DLD gene was initially 
based on a DNA sequence variant that was found in strongly resistant S. oryzae from 
Australia, Vietnam and China, but not in either weakly resistant or susceptible strains. 
Further support was provided by analysis of survivors from an interbreeding population of 
susceptible and resistant insects that had been exposed to phosphine. Survivors of a 
discriminating dose for strong resistance were always homozygous for the resistance 
variant of the DLD gene (fig. 2.1). Fine-scale linkage mapping confirmed that the 
resistance factor resided in an interval within 1-2 genes of the DLD resistance variant, 
confirming that it was indeed responsible for resistance (fig. 2.1) (Nguyen et al., 2016). 
Unlike R. dominica and T. castaneum, only one amino acid variant of the DLD protein was 
found in strongly resistant S. oryzae. In the DLD protein from the other species, a number 
of alternative variants of the protein were found that could cause resistance. The reason 
for this is unknown, but if this is the only variant that can possibly cause strong resistance 
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in S. oryzae, monitoring for resistance will be quite straightforward. The biochemical 
mechanisms of resistance to fumigants are not well understood (Boyer et al., 2012). 
However, studies of phosphine resistance alleles at the DLD locus in S.oryzae and other 
pest species (i.e R. dominica and T.castaneum) are consistent with target site insensitivity 
(Schlipalius et al., 2012, Nguyen et al., 2016), which is also a common and important 
mechanism of resistance to residual/contact insecticides (Boyer et al., 2012). 
4. Management strategies for insecticide resistance 
The aim of resistance management is to delay or prevent the evolution of resistance 
or the expansion of pest populations that are already resistant to an insecticide. The basic 
principles for management tactics are reduction of selection pressure and elimination of 
resistant individuals. Georghiou (1983) pointed out three categories of resistance 
management including moderation of the chemical application (to decrease selective 
pressure) or (to eliminate resistant individuals), saturation of the resistance mechanism of 
the insects or employ multiple chemicals of various insecticide classes simultaneously. We 
present some methods that have been applied to the control of resistance in S. oryzae and 
discuss the results that have led to efficient management of the development of resistance 
in this species. 
4.1 Management of resistance to contact insecticides  
Management by application of synergists 
 Synergists by themselves are non-toxic but in mixture with poisonous chemicals 
result in increased toxicity. The most well-known synergistic mode of action is to inhibit the 
detoxication enzyme of target pests (Raffa and Priester, 1985, B-Bernard and Philogène, 
1993). Piperonyl butoxide (PB), an inhibitor of polysubstrate monooxygenase (P450 
enzymes), is the most commonly used synergist. PB significantly reduced the amount of 
insecticide of deltamethrin from 16 mg kg-1 to 4 mg kg-1 and fenitrothion from 26 mg kg-1 to 
19 mg kg-1, required to completely control resistant S. oryzae (Daglish et al., 1996). 
Similarly, the concentration of deltamethrin plus PB to kill 50% resistant strain of S. oryzae 
(QSO56) decreased 5 times compared with that of deltamethrin treatment only (Samson et 
al., 1990). The combination of triphenylphosphate (TPP) with malathion weakened the 
resistance to malathion of a S. oryzae strain to 50% (Champ and Dyte, 1976).  
Management of resistance by using insecticide mixtures 
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Combining different class insecticides has been a major tactic in management of 
resistance. The basic principle is that each insecticide that is included in the mixture 
possesses a distinct mode of action. The insects are much less likely to evolve resistance 
to multiple chemicals simultaneously than against any single chemical (Tabashnik, 1989). 
The components of a mixture should also have an equivalent decay rate and leave little 
residue on the food product (Georghiou, 1983).  
Application of mixtures of OP compounds showed complete control of S. oryzae 
strains resistant to DDT and lindane (Champ et al., 1969) (Table 2.4). Many combinations 
between OP and pyrethroids then tested against multiple resistant strains of S. oryzae 
cultured on wheat (Bengston et al., 1980, Bengston et al., 1983a, Bengston et al., 1983b) 
(Table 2.4). Researches on corn, paddy rice and sorghum tested admixture of OP, 
pyrethroids and methroprene (an insect growth regulator) to identify effective doses for 
controlling highly fenitrothion resistant S. oryzae (Daglish et al., 1995, Daglish et al., 1996, 
Daglish, 1998) (Table 2.4). The studies of Daglish et al. implied that combination of 
insecticides with synergists would give a longer term protection for stored grains compared 
with un-synergised mixture. 
A chitin synthesis inhibitor, diflubenuron is regarded as a potential insecticide for 
management of pest as well as resistance in Sitophilus species. Daglish and Wallbank 
(2005) used admixture of diflubenuron with methoprene to protect stored sorghum from a 
malathion resistant strain of S. oryzae, QSO393. The parental insects after treated with 
mixture could not generate F1 or produce at very low percentage (Table 2.4).  
Combinations of chemical and biological factors also have been tested for their 
ability to control resistant strains of the rice weevil. Spinosad is a novel biopesticide 
registered in 1997. Spinosad includes natural compounds derived from fermentation of the 
bacterium Saccharopolyspora spinosa. Simultaneous use of spinosad with either 
chlorpyrifos-methyl or juvenile hormone analogue s-methoprene however did not increase 
mortality nor did it reduce production of progeny reduction of QSO393 relative to each 
insecticide applied alone (Daglish, 2008).   
4.2 Management of phosphine resistance  
Australia has had in place a national program for monitoring resistance to 
phosphine since 1984 (Emery et al., 2003). This program identified several tactics to 
control phosphine resistance including: reducing the number of phosphine fumigation to a 
maximum of three times per parcel of grain, hygiene in stored premises, cooling grain, 
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using high dose of phosphine to kill all resistant insects, combination of phosphine with 
other insecticides in sequence, avoidance of using same chemicals for all types storage 
within an area, and education to grower about safe handling of phosphine and correct 
fumigation techniques (Collins, 2006, Collins, 2009, Emery et al., 2011). An example of the 
implementation of phosphine resistance management was reported by Newman (2010). In 
Western Australia, phosphine is the sole insecticide used to disinfest stored grain during 
last 30 years (Emery et al., 2003). Resistance to this fumigant is still maintained at weak 
level in almost all key stored grain pests except for two detections of strong resistance in 
T. castaneum in 2009. Western Australia has implemented tactics including regular 
inspection to detect and immediately eliminate strong resistance, as well as raising 
awareness of growers and premise managers about protection of grain stock by 
appropriate application of phosphine (Newman, 2010). In addition, experiences from farm 
managers presented in Australian Grain Storage and Protection Conference in 2015  
(http://www.graintrade.org.au/nwpgp) showed that the technique of cleanliness together 
with cooling grain are the important methods to store products. These tactics will avoid the 
development of resistance to chemicals among pest species. Investigation of appropriate 
alternatives to replace phosphine is one of the main aims of management program for 
phosphine resistance. Nayak (2012b) pointed out the advantages and disadvantages of 
alternative fumigants such as sulfuryl fluoride (SF), carbon dioxide (CO2), carbonyl 
sulphide (COS), ethyl formate (EF), hydrogen cyanide (HCN), ethylene dinitrile (EDN). 
Unfortunately, a seriously strong resistance to phosphine has been detected in C. 
ferruginesis that could not be controlled at some registered rates of phosphine. SF was 
tested and showed to be successful against to this strong phosphine resistance in 60 bulk 
storages in Australia in 2009. After one year extensive application of SF, frequency of 
strong resistance in this species was reduced by 50% in samples from bulk storages 
(Nayak, 2012b). Subsequently, fumigations with SF in both the laboratory and in silos 
indicated that this fumigant was successful against strongly resistant strains of R. 
dominica, T. castaneum, S. oryzae as well as C. ferruginesis (Nayak et al., 2014). 
Therefore, SF is possible to be a promising candidate for manage extreme phosphine 
outbreak or called “phosphine resistance breaker”. 
4.3 Management of insecticide resistance in the future 
Detecting the presence of resistant individuals is the first step in monitoring and 
management programme.  
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For contact insecticides, methods to diagnose resistance in S. oryzae include use of 
impregnated filter paper, dusted grain or grain admixed with insecticide (Parkin, 1965, 
Champ, 1968, Collins et al., 1993). All techniques are based on observing mortality or 
knock-down of insects at discriminating dosage to screen the susceptibility or resistance.  
For phosphine resistance, there are currently three diagnostic methods as below: 
 No.16 FAO method (Anon, 1975) based on knock-down at various concentrations 
for a fixed time. 
 Rapid test method observing time to knockdown at a high concentration of 
phosphine Reichmuth (1991) and Bell et al. (1994).  
 Molecular tool using specific markers linked to respective resistances to determine 
precisely resistance genotype  (Schlipalius et al., 2006). 
However, most methods have certain limitations. The FAO assay cannot give an 
accurate conclusion about resistance if the number of insects collected is too small. There 
is also some overlap in the response of various resistance genotypes, making diagnosis 
imprecise. Daglish and Collins (1998) suggested extending the exposure period from 20 
hours to 48 hours for R. dominica for the FAO method as the 20 hour exposure did not 
accurately determine resistance. In order to overcome the side effect of sample size, the 
second method requires culturing insects for at least 48 hours before testing with 
insecticides. In contrast, the molecular method is highly reliable, acceptable for small 
samples (50-100 insects), does not require live insects and culturing, reduces testing time 
compared with bioassay test, and the DNA sample is available for further testing at a later 
date (Kaur et al., 2013a). Therefore, development of the molecular technology is really 
significant advance in monitoring resistance. 
Recently, studies of the genetics of resistance to phosphine in R. dominica, T. 
castaneum and S. oryzae showed variants causing resistance from at least one gene 
coding for the dihydrolipoamide dehydrogenase (DLD) enzyme  (Schlipalius et al., 2012, 
Nguyen et al., 2016). Mutations in DLD are common globally, for instance P49S in R. 
dominica (Australia, India, USA, Vietnam), P45S in T. castaneum (India, USA, Turkey, 
Vietnam) and N505T in S. oryzae (Australia, Vietnam, China) (Schlipalius et al., 2012, 
Kaur et al., 2015, Koçak et al., 2015, Chen et al., 2015, Nguyen et al., 2016). Thus, it is 
feasible to develop a kit for detection of phosphine resistance gene (s) in three pests of 
stored grain for use internationally.   
Information about the frequency of resistance alleles and resistance levels from 
analysis using molecular markers will effectively assist in further implementation of 
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resistance management tactics such as control with higher concentrations of phosphine, 
eradication by using other chemicals or quarantine. Markers related to genes causing 
weak resistance when elucidated, would provide a high degree of precision in 
management of phosphine resistance.  
5. Conclusion 
S. oryzae is one of the most destructive pest of stored products (Hagstrum et al., 
2013). This species has developed resistance to at least 35 insecticides including 
fumigants. However, most resistance arising in S. oryzae is still at a weak level that can 
still be controlled by insecticides at the registered rate. Currently, resistance to phosphine 
in S. oryzae is becoming a serious problem in Asian countries such as India and China 
with high resistance levels observed. Recent genetic analysis of phosphine resistance in 
this species has revealed a genetic mechanism that is shared with other stored grain pests 
(i.e. R. dominica and T. castaneum). If no alternative fumigants to phosphine can be 
developed, contact pesticides may need to be used once again to control this pest. The 
discovery of the genetic and biochemical basis of phosphine resistance now allows a 
knowledge-based search for better ways to maintain the use of phosphine. The 
development of DNA markers that can detect resistance alleles will facilitate the quick and 
precise detection of resistance. This tool will enhance monitoring and management of 
resistance, which can be used to prolong the useful life of phosphine for the control of S. 
oryzae. 
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Table 2.1 The occurrence of resistance to contact insecticides in S. oryzae 
 
Resistance to Country Year Resistance level/ 
frequency 
References 
Organochlorines: 
Lindane 
 
Trinidad 1965 13.2x Parkin, 1965 
Kenya 1965 9.5x 
Tanganyika 1965 2.0 and 2.6x 
Australia 1963 85x Champ and 
Cribb, 1963 
1965 77x Champ and 
Cribb, 1965 
Pakistan 1966 6x, 8x Parkin and 
Foster, 1966 
China (Taiwan) 1972 100% of 42 
samples 
Lin, 1972 
53 in 58 countries: Mexico, 
USA, El Salvador, French, 
Guiana, Guatemala, 
Nicaragua, Trinidad, 
Argentina, Brazil, Peru, 
Uruguay, Algeria, Bulgaria, 
Egypt, England, Greece, 
Libya, Morocco, Portugal, 
Romania, Scotland, Central 
African republic, Ethiopia, 
Gambia, Kenya, Malawi, 
Mozambique, Nigeria, 
Senegal, Somalia, South 
Africa, Swaziland, 
Afghanistan, Cyprus, India, 
Iraq, Israel, Nepal, 
Pakistan, Saudi Arabia, 
Syria, Turkey, Yemen Arab 
1972-1973 75% of 235 
samples 
Champ and 
Dyte, 1976 
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republic, Burma, China, 
Indonesia, Japan, 
Philippines, Singapore, 
Thailand, USSR, Australia, 
Papua New Guinea 
England 1973 80% of 15 samples Dyte et al, 1974 
New Caledonia 1982 Susceptible Brun and Attia, 
1983 
DDT Australia (LR2) 1965 14x Champ and 
Dyte, 1965 
Australia (TR2) 1967 12.81x Champ, 1967 
Australia (CSO231) 1972-1973 2x Champ and 
Dyte,1976 
Poland 1971 40x , 28x  Cichy, 1971 
India 1974 11x Bansode, 1974 
Dieldrin Australia (LR2) 1965 21500x Champ and 
Cribb, 1965 
India 1974 4x Bansode,1974 
Endrin India 1974 2.8x Bansode, 1974 
Isodrin India 1974 1.5x Bansode, 1974 
Organophosphates: 
Malathion India 1973 
1974 
5.8x 
49x 
Rajak, 1973 
Bansode, 1974 
England 1973 6.25% of 16 
samples 
Dyte et al., 1974 
China 1972 - Lin, 1972 
10 in 59 countries: 
Colombia, Peru, England, 
Mozambique, Central 
1972-1973 14.6% of 226 
samples 
Champ and 
Dyte, 1976 
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African republic, India, 
Nepal, Pakistan, Australia, 
Papua New Guinea 
Australia 1970-1974 3.4x (LC50) 
4 x (LC99.9) 
Greening et 
al.,1974 
Australia 1985-1986 94% of 16 samples Herron, 1990 
New Caledonia 1982 Susceptible Brun and Attia, 
1983 
USA 1983 Susceptible Haliscak, 1983 
Horton,1984 
1992 1.6x Baker and 
Weaver,1993 
Brazil 1990 65% of 20 samples Pacheco et al., 
1990 
Israel 1986 1.2x Navaro,1986 
Fenitrothion Australia 
 
1972 6x Champ and 
Dyte, 1976 
1980-1981 4x Collins and  
Wilson, 1986 
1985-1986 18.75% of 16 
samples 
Herron,1990 
1990-1991 
(QSO56) 
14.3x Collins et al., 
1993 
1998-2002 4.3 – 16.8% Wallbank and 
Collins, 2003 
India 1974 39x Bansode, 1974 
Brazil 1990 5% of 20 samples Pacheco et al., 
1990 
New Caledonia 1982 Susceptible Brun and Attia, 
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1983 
Dichclorvos Australia 1972-1973 6x Champ and 
Dyte, 1976 
India 1974 7x Bansode, 1974 
Australia 1970-1974 Susceptible Greening et 
al.,1974 
Vietnam 2004 2.27x Duong and Bui, 
2004 
Pirimiphos methyl Brazil 1990 15% of 20 samples Pacheon et al., 
1990 
Australia 1972 5x Champ and 
Dyte, 1976 
USA 1992 1.7x Baker and 
Weaver,1993 
Chlorpyrifos 
methyl 
Australia 1972-1973 2x Champ and 
Dyte, 1976 
USA 1992 Susceptible Baker and 
Weaver,1993 
Tetrachlorvinphos Australia 
 
1972-1973 7x Champ and 
Dyte, 1976 
Bromoxon 8x 
Fenitroxon 5x 
Cyanophos 5x 
Fospirate 3x 
Diazoxon 7x 
Diazinon Australia 1972-1973 10x Champ and 
Dyte, 1976 
India 1974 18x Bansode, 1974 
Jodfenphos India 1974 9x Bansode, 1974 
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Phosphamidon 
 
6x 
Parathion 33x 
Methyl parathion 21x 
Disulfoton 7x 
Oxydemetonmethyl  Poland 1971 434x Cichy, 1971 
Pyrethroids 
Pyrethrin 
 
Australia 1972-1973 7x Champ and 
Dyte, 1976 
India 1974 4x Bansode, 1974 
Pyrethrin +PB Australia 1972-1973 4x Champ and 
Dyte, 1976 
Bioresmethrin 
+PB 
Australia 
 
1972-1973 4x Champ and 
Dyte, 1976 
1985 242x, 292x Heather,1986 
Fenoxythrin Australia 1972-1973 3x Champ and 
Dyte, 1976 
Permethrin +PB Australia 
 
1985 256x Heather, 1986 
Deltamethrin +PB 98x 
Fenvalerate + PB 264x, 192x 
Cypermethrin + 
PB 
1183x, 1100x 
Carbamates     
Carbaryl Australia 1972-1973 3x Champ and 
Dyte, 1976 
India 1974 5x Bansode, 1974 
PB: piperonyl butoxide  
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Table 2.2 The occurrence of resistance to fumigants in S. oryzae 
Resistance to Country Year Frequency/ 
Resistance level 
References 
Carbon disulphide - 1962 1.4x Kamel and 
Fam,1962 
Hydrogen cyanide USA 1965 2.5x Lindgren and 
Vincent, 1965 
Carbon dioxide Israel 1985 3.34x Navarro et al, 1985 
Methyl bromide Kenya 1972-1973 0.7% of 140 strains Champ and Dyte, 
1976 
Taiwan, Thailand 1972-1973 1.93x Hole,1981 
India 1974 2.6x Bansode,1974 
Phosphine Guyana, Portugal, 
Kenya, India, 
Yemen Arab 
Republic, 
Indonesia 
1972-1973 6% of 135 strains 
2.5x 
Champ and Dyte,  
1976 
Brazil, India, 
Thailand 
1972-1973 25% of 12 strains 
2.09x 
Hole,1981 
China 1975-1976 63% of 27 strains 
63.7x 
Zeng, 1998 
1995-1997 33.33% of 6 strains 
336.7x 
India 1998 72% of 36 strains 
425x 
Rajendran, 1998 
Philippine 1995 Susceptible Gibe et al., 1995 
Malaysia 1991-2001 Susceptible (Rahim et al., 
2004) 
Pakistan 1999 1.27x Alam, 1999 
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Poland 1998 Susceptible Ignatowicz, 1998 
Morocco 2002 94.7% of 19 strains 
Strong resistance 
Benhalima et al, 
2004 
Brazil 1990 83.33% of 6 strains (Sartori et al., 
1990) 
1998 73x (at LC50) (Athié et al., 1998) 
Vietnam 1998 Susceptible Bui,1998 
2004 25% of 8 strains 
1.88x 
(Duong and Bui, 
2004) 
2009-2011 Weak R: 34.12% of 
85 strains 
Strong R: 58.82% 
of  85 strains 
Dr Tu M. Duong, 
personal 
communication 
Australia 1968-1980 
(New South 
Wales) 
No record of 
phosphine 
resistance 
(Attia and 
Greening, 1981) 
1985-1986 
(New South 
Wales) 
18.4% of 38 strains 
2.2x 
(Herron, 1990) 
1987 
(Queensland) 
46.67% of 15 
strains 
4x 
(White and 
Lambkin, 1990) 
1991-1992 
(Western 
Australia) 
9.4% of 85 strains (Emery, 1994) 
2002 Weak resistance: 
9x 
(Daglish et al., 
2002) 
2010-2012 Weak resistance:  
-99.15% of 117 
(Nayak, 2012a) 
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strains (Northern) 
-86.33% of 161 
strains (Southern) 
-56.52% of 23 
strains (Western) 
Strong resistance: 
-0.85% of 117 
strains (Northern) 
-13.66% of 161 
strains(Southern) 
-4.35% of 23 
strains (Western) 
 2015 Strong resistance: 
52x  
(Nguyen et al., 
2015) 
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Table 2.3 The mode of inheritance of resistance to insecticides in S. oryzae 
Insecticide Crosses Property and 
Origin 
Inheritance, linkage 
and dominance 
degree (D) 
Reference 
Lindane LS2 x LR2 LS2:susceptible 
strain in Australia 
LR2: resistance 
strain in Australia. 
- Monogenic or two 
genes 
- Autosomal 
- Semi-dominance 
Champ and 
Cribb, 1965 
Champ and 
Dyte, 1976 
DDT TS4 x TR2 
TS4 x SO72 
TR2 x SO72 
TS4: susceptible 
strain in Australia. 
TR2: resistance 
strain in Australia. 
SO72: strong 
resistance strain in 
Australia 
- Monogenic or 
polygenic 
- Sex linkage 
- Semi-domininace 
Champ,1967 
Pyrethoroids: 
Permethrin 
Deltamethrin 
SS x RR SS: susceptible 
strain in Australia 
RR: Resistance 
strain in Australia 
- Monogenic 
- Sex linkage 
- Incompletely 
dominance 
Heather, 
1986 
Phosphine T-16 x G-12 T-16: Susceptible 
strain in China 
G-12: Resistance 
strain in China 
- Polygenic 
- Autosomal 
- Incompletely 
recessive (D= -0.348) 
Li and Li, 
1994 
SS x (476-s) SS: Susceptible 
strain in Central 
Science 
Laboratory, United 
Kingdom 
476-s: resistance 
strain in India 
Two genes  Mills and 
Athie, 1998 
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LS2 x QSO335 LS2: Susceptible 
strain in Australia 
QSO 335:  weak 
resistant strain in 
Australia 
- Monogenic  
- Autosomal 
- Incompletely 
recessive (D= -0.90) 
Daglish et al., 
2014 
LS2 x 
NNSO7525 
QSO335 x 
NNSO7525 
LS2: susceptible 
strain in Australia 
QSO335: Weak 
resistance strain in 
Australia 
NNSO75: Strong 
resistance strain in 
Australia 
- Polygenic 
- Autosomal 
- Incompletely 
recessive (D= -0.66) 
Nguyen et 
al., 2015 
 
  
 33 
 
 Table 2.4 Efficiency of insecticide mixture on resistance management in S. oryzae  
Mixture (mg kg
-1
) Strain Completely 
control (in 
weeks/months) 
Mortality of 
parental 
insects (%) 
Progeny reduction (%) Ref. 
F1 F2 
Dichlorvos 2 + 
malathion 2 
LR2/TR2 - 100 99.4 99.95 Champ et 
al., 1969 
Dichlorvos 2 + diazinon 
2 
- 99 99.18 98 
Dichlorvos 2 + 
fenotrothion 2 
- 100 99.9 100 
Fenitrothion 12 + (1R)-
phenothrin 2 
 
QSO56 37w 100 99.76 100 Bengston 
et al., 1980 
CSO231 13w 100 99.97 100 
Pirimiphos-methyl 6 + 
carbaryl 10  
QSO56 7w 100 99.29 99.99 
CSO231 1w 100 99.34 99.99 
chlorpyrifos-methyl 10 + 
pyrethrins 1.5 + PB 12  
QSO56 18w 100 98.5 99.99 Bengston 
et al., 
1983a 
CSO231 18w 100 93.1 - 
fenitrothion 12 + 
bioresmethrin 1  
QSO56 18w 100 99.68 100 
CSO231 18w 100 96.6 - 
fenitrothion 12 + (1R)-
phenothrin 1  
QSO56 18w 100 97 99.99 
CSO231 18w 100 94 - 
pirimiphos-methyl 4 + 
carbaryl 8  
QSO56 8w 100 97.77 99.99 
CSO231 4w 100 98.3 - 
Fenitrothion 12 + 
fenvalerate 1+PB 8
 
QSO56 9m 100 99.91 100 Bengston 
et al.,  
1983b 
CSO231 1w 100 100 100 
Fenitrothion 12 + 
phenothrin 2 +PB 8  
QSO56 9m 100 99.85 100 
CSO231 1w 100 99.04 99.98 
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Pirimiphos-methyl 4 + 
permethrin 1+ PB 8
 
QSO56 1w 100 99.74 99.38 
CSO231 0 100 - - 
Chlorpyrifos-methyl 10 
+ phenothrin 1 + PB 8.5  
QSO56 
 
21w 100 99.2 - Daglish et 
al., 1995 
Chlorpyrifos-methyl 10 
+ methoprene 1  
14w 100 100 - 
Chlorpyrifos-methyl 2.5 
+ deltamethrin 0.5  
QSO56 2w 100   Daglish et 
al., 1996 
Chlorpyrifos-methyl 2.5 
+ deltamethrin 0.25 + 
PB 8  
2w 100   
Chlorpyrifos-methyl 2.5 
+ bioresmethrin 2 + PB 
8  
2w 100   
Chlorpyrifos-methyl 2.5
 
+ methroprene 2  
- 97   
Fenitrothion 1.25 + 
deltamethrin 2 + PB 8  
2w 100   
Fenitrothion 10 + 
deltamethrin 2  
- 84.4   
Methacrifos 10 + 
deltamethrin 0.25 + PB 
8  
QSO56 24w 100 99.1  Daglish, 
1998 
Methacrifos 10 + 
methoprene 1  
24w 100 99.3  
diflubenuron 1 + 
methoprene 1 
QSO393 - - 98.5-100 - Daglish 
and 
Wallbank, 
2005 
Spinosad 1 
+chlorpyrifos-methyl 5 
QSO393 - 100 95.2 - Daglish, 
2007 
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Spinosad 1 
+chlorpyrifos-methyl 10 
- 100 99.6 - 
s-methoprene 0.6 + 
chlorpyrifos-methyl 5 
- 99.3 92.2 - 
s-methoprene 0.6 + 
chlorpyrifos-methyl 10 
- 100 100 - 
LR2, TR2, QSO56 and CSO231: cross-resistance strains, QSO393: resistance strain to malathion, PB: 
piperonyl butoxide, Ref. : references. 
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Figure 2.1 Scheme for linkage analysis of candidate genes to phosphine resistance  
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Abstract 
Sitophilus oryzae (Linnaeus) is a major pest of stored grain across Southeast Asia 
and is of increasing concern in other regions due to the advent of strong resistance to 
phosphine, the fumigant used to protect stored grain from pest insects. We investigated 
the inheritance of genes controlling resistance to phosphine in a strongly resistant S. 
oryzae strain (NNSO7525) collected in Australia and found that the trait is autosomally 
inherited and incompletely recessive with a degree of dominance of -0.66. The strongly 
resistant strain has an LC50 52x greater than a susceptible reference strain (LS2) and 9x 
greater than a weakly resistant strain (QSO335). Analysis of F2 and backcross progeny 
indicates that two or more genes are responsible for strong resistance, and that one of 
these genes, designated So_rph1, not only contributes to strong resistance, but is also 
responsible for the weak resistance phenotype of strain QSO335. These results 
demonstrate that the genetic mechanism of phosphine resistance in S. oryzae is similar to 
that of other stored product insect pests. A unique observation is that a subset of the 
progeny of an F1 backcross generation are more strongly resistant to phosphine than the 
parental strongly resistant strain, which may be caused by multiple alleles of one of the 
resistance genes. 
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1. Introduction 
Fumigation is the most widely used method of protecting stored grain against insect 
pests, as it is readily applied to all types of storages including silos, warehouses, bunkers, 
bag stacks, ships during transport, and cereal mills (Bell, 2000). Phosphine (PH3) is an 
ideal fumigant to disinfest bulk commodities as it is cost-effective, penetrates grain bulks 
readily, does not leave residues and can be rapidly eliminated from the grain via aeration 
(Chaudhry, 2000). Alternative fumigants are limited as use of methyl bromide for routine 
grain fumigation has been phased out in developed countries since 2005 and will only be 
allowed in developing countries until 2015 (Bell, 2000). Whilst, sulphuryl fluoride is only 
accepted for treatment of grain in some nations as there are concerns about potential 
fluoride residues (Scheffrahn et al., 1989, Bell, 2000). The lack of practicable alternatives 
has placed very heavy reliance on phosphine for fumigation and this has inevitably 
resulted in selection for resistance to this fumigant in many insect pests of stored products 
(Mills, 2000). 
Resistance toward phosphine in grain pests was first reported in a survey of 
insecticide resistance in insects from many countries conducted in 1972-1973. This report 
concluded that Sitophilus spp. including Sitophilus oryzae were the greatest threat to 
postharvest agricultural products in terms of resistance to insecticides. At that time, 
phosphine resistance in S. oryzae was found in only 5% of the tested samples (Champ 
and Dyte, 1976). However, by 2000, the frequency of resistance in this species had 
increased sharply to 75% of samples in developing countries and reached a peak of 100% 
in Brazil (Mills, 2000). Resistance to phosphine in insect pests of stored grain has now 
become a serious international problem, and as there is no practical replacement for this 
fumigant in most cases, developing strategies to manage the problem is a priority. A 
rational approach to manage this resistance, however, requires an understanding of the 
underlying genetic mechanisms controlling this phenomenon. Available information, 
however, is incomplete. Two genetic studies of resistance to phosphine induced mortality 
in S. oryzae have been carried out. Resistance in S. oryzae collected in China is 
autosomal, incompletely recessive and conferred by more than one gene (Li and Li, 1994). 
Recently, Daglish (Daglish et al., 2014) reported weak resistance of an Australian strain 
being autosomal, incompletely recessive and monogenic. 
Strong resistance to phosphine was first reported in S. oryzae in China in a 1995-
1997 survey in which a resistance level 337 times that of a fully susceptible strain was 
observed (Zeng, 1998). The resistance level of this species in India was reported in 1998 
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to have increased to 425-fold that of a susceptible reference strain (Rajendran, 
1998).Weakly resistant S. oryzae is found at a high frequency in most regions of Australia, 
with strong resistance occurring sporadically in field collected strains (Emery et al., 2003). 
Studies on the molecular genetics of resistance to phosphine have been carried out 
on Rhyzopertha dominica and Tribolium castaneum. In these species, two loci act 
synergistically to cause strong resistance. The first gene (rph1 or tc_rph1) is responsible 
for weak resistance but its identity is currently unknown, whereas the second gene (rph2 
or tc_rph2) was determined to be dihydrolipoamide dehydrogenase (dld) in both species 
(Schlipalius, 2010, Schlipalius et al., 2012). Individuals that are homozygous for resistance 
alleles of either rph1or rph2 are weakly resistant, whereas individuals that are 
homozygous for resistance alleles at both loci are strongly resistant to phosphine 
(Schlipalius et al., 2002, Jagadeesan et al., 2012). The growing problem of resistance in S. 
oryzae and the pressing need to manage this resistance, together with the recent 
identification of the rph2 resistance gene, led to our aim of determining the mechanism of 
inheritance of the strong resistance trait in this species.  
2. Materials and Methods 
2.1 Insect strains: origin and culture 
A laboratory susceptible strain and two phosphine resistant strains of S. oryzae, 
one weak and one strong, were used in this study. The susceptible strain (LS2), denoted 
S-strain in this report, was collected from Brisbane (27°27'59.7"S 153°01'19.3"E) in south-
east Queensland in 1965 (Daglish et al., 2002, Daglish et al., 2014) and has been 
maintained under pesticide free conditions since that time. The weakly resistant strain 
(QSO335), denoted W-strain, was collected from a central grain storage in Millmerran 
(27°52'22.4"S 151°16'07.5"E), south-east Queensland in 1990 (Daglish et al., 2002, 
Daglish et al., 2014), while the strongly resistant strain (NNSO7525), called R-strain in this 
report, was collected in 2009 from a farm at Widgelli (34°19'46.9"S 146°08'14.8"E), near 
Griffith in southern New South Wales. The resistant strains were exposed to phosphine at 
0.25 mgL-1 (for R-strain) and at 0.04 mgL-1 (for W-strain) for 48 h to select individuals 
homozygous for the resistance alleles. This selection process was repeated on at least 3 
generations for each strain. All insects were cultured on whole wheat at 25ºC and 55% 
relative humidity (RH). 
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2.2 Genetic crosses  
Mass mated reciprocal crosses of either the S-strain or the W-strain with the R-
strain were established by combining 50 virgin adult males of one strain with 50 virgin 
females of another strain. Every two weeks, the P0 parents were transferred to fresh grain. 
After eight weeks, the two to four week old F1 of each cross was transferred to fresh food 
to produce the F2 generation. The F1 and F2 generations were subsequently tested for their 
response to phosphine. 
2.3 Backcross of F1 offspring to the strongly resistant parental strain 
Virgin F1 females produced from crosses (♀ S-strain x ♂ R-strain, n=50) and (♀W-
strain x ♂R-strain, n=50) were each mated with 50 males of the parental R-strain to 
generate a backcross (F1-BC). Insects were fed on whole wheat and incubated at 25ºC 
and 55% RH. At 2-4 weeks post-emergence, adults of each F1-BC were fumigated with 
phosphine. 
2.4 Phosphine fumigation  
Phosphine fumigation was carried out based on the recommended FAO method for 
testing resistance (Anon, 1975). Phosphine gas was generated from commercial 
formulations of aluminium phosphide in a 5% solution of sulphuric acid. The concentration 
of the generated phosphine was measured using a gas chromatograph fitted with a 
thermal conductivity detector (TCD) (Perkin and Elmer, Clarus 580).  
We used 100-150 adults (2-4 weeks old) for each dosage level tested as well as a 
control, which did not receive a phosphine dosage. Test insects were placed into plastic 
cups with small holes in their lids without food. These were then placed into gas-tight 
desiccators and phosphine was injected into the desiccators (except for control desiccator) 
through a septum. Insects were exposed to phosphine for 48 h at 25ºC and 50% RH. After 
fumigation, insects were placed on whole wheat and allowed to recover for seven days at 
25ºC and 55% RH, at which time mortality was assessed. Each fumigation was 
undertaken three separate times at three week intervals. 
Hybrid generations (i.e. the F1, F2 or F1-BC) and their parental strains were 
fumigated simultaneously with phosphine at a range of doses. Concentrations of 
phosphine used for fumigation ranged from 0.002 to 0.03 mgL-1 for the S-strain; from 
0.008 to 0.15 mgL-1 for the W-strain; and from 0.1 to 1.0 mgL-1 for the R-strain. F1 hybrids 
of the S-strain x R-strain cross were fumigated from 0.003 to 0.04 mgL-1, while F1 hybrids 
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of the W-strain x R-strain cross were exposed to doses of 0.02 to 0.3 mgL-1. The F2 (S-
strain x R-strain) was fumigated with a range of doses from 0.005 to 0.4 mgL-1, and the F2 
progeny of the W-strain x R-strain cross were fumigated from 0.02 to 0.6 mgL-1. The F1 
(♀S-strain x ♂R-strain)-BC and F1 (♀W-strain x ♂R-strain)-BC were exposed to phosphine 
from 0.005 to 0.9 mgL-1 and from 0.03 to 0.9 mgL-1, respectively. 
2.5 Data analysis 
The responses to phosphine of the parental strains and the reciprocal F1 progenies 
were analyzed by probit regression (Finney, 1971) using GenStat 11.1 software 
(Committee, 2008). Abbott’s formula (Abbott, 1925) was used to correct for mortality 
observed in control insects, which never exceeded 3%. The probit analysis was used to 
determine the genetic homogeneity of the parental strains and the resulting F1 progeny, 
the expected mortality based on a single gene model of resistance, the observed LC50s 
and whether the responses of the reciprocal F1 populations differed from each other. 
2.5.1 Inheritance of strong resistance to phosphine 
The parental strains (P0) and their respective F1 progenies were initially tested for 
genetic uniformity of resistance by calculating the heterogeneity factor (hf) and evaluating 
whether chi square values (χ2) revealed a significant difference between observed 
responses and expected values derived from the probit model. Doses at which fewer than 
5 individuals were expected either to live or to die were excluded from the chi square 
analysis as suggested by Finney (Finney, 1971). Resistant parental strains underwent 
multiple rounds of phosphine selection at the relevant discriminating dose to promote 
homozygosity at the resistance loci, hence the response of F1 generations were expected 
to be genetically homogeneous. On this basis, the expected mortality of the P0 and F1 at 
each dose was calculated by the linear equation:          , in which   is mortality at   
concentration and     are the intercept and slope, respectively. Chi-square and degrees of 
freedom were then determined according to Finney (Finney, 1971) using observed and 
expected data.  
Resistance factors at 50% mortality between the S-strain and the W-strain and 
between the S-strain and the R-strain were determined according to (Robertson et al., 
2007). The reciprocal F1s were judged not to be significantly different from each other as 
the 95% confidence limits of the relative potency analysis included 1. The method 
developed by Stone (Stone, 1968) was used to calculate the degree of dominance (D). 
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Degree of dominance ranges from -1 to +1 where -1 is completely recessive and +1 is 
completely dominant.  
2.5.2 Gene(s) responsible for strong resistance to phosphine 
The number of genes contributing to strong resistance was determined from 
analyses of the responses of the F2 progeny derived from a cross between the S-strain 
and the R-strain and the progeny of their F1 backcrossed (F1-BC) to the R-strain.  In a 
similar way, the W-strain was also crossed with the R-strain to identify genetic differences 
between these two phenotypes. In each case, the actual mortality was compared to the 
predicted mortality at each experimentally tested dose (x) based on the hypotheses that a 
single gene is responsible for the difference between susceptible and strongly resistant 
insects or that a single gene is responsible for the difference between weakly resistant and 
strongly resistant insects. Based on segregation ratios of genotypes at F2 and F1-BC 
generations from the single gene model, the predicted mortality at each dose of the F2 (Wx 
(F2)) was calculated using the equation                                    , 
and the predicted mortality of the F1-BC calculated as                           
  , where the mortality factors                   are estimated from the probit model of 
the responses to phosphine of the S-strain, F1 hybrids and the R-strain, respectively 
(Georghiou, 1969). The statistical difference between observed and predicted data was 
evaluated using the modified chi-square method (modified χ2) (Preisler et al., 1990). The 
modified χ2 analysis incorporates a weighted mean heterogeneity factor calculated from all 
strains contributing to the genetic composition of the F2 or F1-BC (Preisler et al., 1990). 
Modified χ2 values indicate no significant difference between theoretical and experimental 
mortalities if the probability value (P) is greater than 5% (P > 0.05) (Finney, 1971). We also 
compared the  shapes of the experimentally determined and expected response curves of 
the F2 and F1-BC populations  to test the mode of inheritance of the resistance trait. The 
expectation, if a single gene is responsible for the increase in resistance, is for a plateau in 
the response curve of the F2 at 25% mortality if the resistance trait is dominant and 75% if 
it is recessive. Similarly, a plateau at 50% mortality is expected in the case of the F1-BC 
(Tsukamoto, 1963). 
 43 
 
3. Results 
3.1 Analysis of the S-strain x R-strain cross 
3.1.1 Mode of inheritance of strong resistance to phosphine 
The probit curve of the S-strain indicated that it was genetically homogeneous with 
respect to its response to phosphine (P = 0.121) (Table 3.1). This genetic uniformity was 
clearly reflected in the log dose-probit mortality (ld-pm) line, which showed that observed 
plots of the S-strain matched the probit model exactly (Fig. 3.1). In contrast, the strongly 
resistant (R-strain) and the reciprocal F1 progeny exhibited heterogeneity (P < 0.001 and hf 
= 8.55, 16.49, 21.89 for the R-strain, F1SR, F1RS, respectively) (Table 3.1). The level of 
resistance of the R-strain was calculated at the LC50 to be 52× that of the reference S-
strain, and 2× for both reciprocal F1 progenies.  The degree of dominance of F1(♀S-strain 
x ♂R-strain) and F1(♀R-strain x ♂S-strain) were -0.71 and -0.66, respectively (Table 3.1), 
indicating that the strong resistance trait was incompletely recessive. The ld-pm lines of 
the reciprocal F1 populations were essentially collinear (Fig. 3.1) and the relative potency 
of F1(♀S-strain x ♂R-strain) and F1(♀R-strain x ♂S-strain) was 1.04 (0.866 – 1.250, 95% 
CL), providing reliable confirmation that the response to phosphine of each of the 
reciprocal F1 populations were indistinguishable. This proved the absence of maternal 
effects, indicating that strong resistance in S. oryzae is autosomal, and that the data from 
the reciprocal F1s could be pooled in later analyses. 
Table 3.1. Analysis of heterogeneity and strength of the phosphine resistance trait, 
as well as the degree of dominance of the reciprocal F1 progeny of a S-strain x R-
strain cross. 
Strain/cross n 
Slope (± 
SE) 
LC50  (95%FL)  
(mgL
-1
) 
hf df χ
2
 P 
LC50 ratio (95% 
CL) 
DD 
S-strain 3891 5.13 (± 0.16) 
0.005 (0.005 - 
0.006) 
1.83 4 7.30 0.121 - - 
R-strain 4223 4.21 (± 0.33) 
0.277 (0.245 - 
0.308) 
8.55 4 34.18 6.84E-07*** 
52 (27.23 – 
97.45) 
- 
F1(♀S x ♂R) 3752 4.22 (± 0.50) 0.009 (0.008- 0.010) 16.49 6 98.95 4.16E-19*** 2 (1.36 – 2.22) -0.71 
F1(♀R x ♂S) 3343 4.56 (± 0.66) 0.01 (0.008- 0.011) 21.89 6 131.34 6.71E-26*** 2 (1.34 – 2.46) -0.66 
F1 pooled 7095 4.37 (± 0.38) 0.01 (0.009 - 0.010) 18.23 12 218.73 4.35E-40*** 2 (1.36 – 2.32) -0.66 
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n = number of insects tested; SE = standard error; LC50 = lethal concentration at 50%; CL = confidence limit; 
FL = fiducial limit; hf = heterogeneity factor; df = degree of freedom; χ
2
 = chi-square; P = probability value; 
DD = degree of dominance; *Significant (P<0.05);  **Significant (P<0.01); ***Significant (P<0.001). 
3.1.2 Gene(s) controlling strong resistance 
As the resistant trait was incompletely recessive, the hypothesis of monogenic 
inheritance predicts a plateau in the response line of the F2 at 75% mortality. In the F2 
progeny of the cross between the S-strain and the R-strain, there was no significant 
difference (P>0.05) between expected and observed data at low to intermediate doses 
from 0.005 to 0.03 mgL-1 (S1 Table) and a shoulder was indeed observed at 75% mortality 
(from 0.15 to 0.03mgL-1) (Fig. 3.1).  However, at doses from 0.06 to 0.3 mgL-1, the 
observed mortality was significantly greater than the response predicted by the monogenic 
inheritance model (P = 9.5E-05, 2.79E-05, 0.0093 with df = 1) (S1 Table).  
The monogenic hypothesis predicts a plateau in the response curve of F1-BC at 
50% mortality. However, in the backcross of F1(S-strain x R-strain) to R-strain, there was 
evidence for at least three plateaus appearing at mortality levels of 42%,75% and 95% 
instead of one plateau at 50% as expected (Fig. 3.2). Modified chi-square values showed 
significant deviations across the range of tested doses at a moderately low dose (P 
=0.019), moderately high doses (P = 0.040, 0.030 and 0.008) and an extremely high dose 
(P = 0.007) (S2 Table). Notably, observed mortality was less than expected at the 
moderately low dose, but greater than expected at moderately high doses. Thus, it 
appears that more than one factor, potentially with unequal effects, contribute to the strong 
resistance phenotype (Tabashnik, 1991), however, this interpretation leaves the plateau at 
95% mortality unexplained. The responses of the S-strain x R-strain cross and backcross 
progeny provide strong evidence that the monogenic hypothesis can be rejected, 
confirming that more than one gene controls strong resistance to phosphine.  
3.2 Reciprocal crosses between the W-strain and the R-strain 
3.2.1 Dominance, resistance factor and sex-linkage of resistance to phosphine 
The response of W-strain to phosphine (Table 3.2) indicated that it was 
homogeneous (P = 0.068), whereas those of the R-strain, F1 (♀W-strain x ♂R-strain) and F1 
(♀R-strain x ♂W-strain) exhibited considerable heterogeneity (P < 0.001 and hf = 8.55, 6.94, 
6.42, respectively). The resistance at the LC50 of the W-strain was 9-fold less than that of 
the R-strain but 6 times greater than that of the S-strain. The degree of dominance based 
on the response of the F1 (♀W-strain x ♂R-strain) and F1 (♀R-strain x ♂W-strain) progeny was -
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0.38 and -0.41, respectively (Table 3.2), indicating that the strong resistance trait was incompletely 
recessive. The ld-pm lines of the reciprocal F1 hybrids overlapped (Fig. 3.3) and the relative 
potency between F1 (♀W-strain x ♂R-strain) and F1 (♀R-strain x ♂W-strain) was 1.033 [0.9023 – 
1.184, 95%CL], showing that two data sets of the reciprocal F1 populations were statistically 
indistinguishable. Thus, strong resistance relative to weak resistance to phosphine in S. 
oryzae was neither sex-linked nor maternally influenced, allowing data of reciprocal 
F1crosses to be combined in the subsequent analysis. 
Table 3.2. Analysis of heterogeneity and strength of the phosphine resistance trait, 
as well as the degree of dominance of the reciprocal F1 progeny of a W-strain x R-
strain cross. 
n = number of insects tested; SE = standard error; LC50 = lethal concentration at 50%; CL = confidence limit; 
FL = fiducial limit; hf = heterogeneity factor; df = degree of freedom; χ
2
 = chi-square; P = probability value; 
DD = degree of dominance; *Significant (P<0.05);  **Significant (P<0.01); ***Significant (P<0.001). 
3.2.2 Gene(s) responsible for strong resistance as determined from weak and strong 
resistance strains 
Our analysis of the cross between the S-strain and the R-strain suggested that two 
or more incompletely recessive genes contribute to the strong resistance phenotype. 
Previous research indicated that one incompletely recessive gene is responsible for weak 
resistance in the W-strain (Daglish et al., 2014). The implication is that strong resistance is 
due to the effect of the gene responsible for weak resistance as well as one or more 
Strain/cross n Slope (± SE) 
LC50  (95%FL)  
(mgL
-1
) 
hf df χ
2
 P 
LC50 ratio 
(95% CL) 
DD 
W-strain 4202 3.71 (± 0.15) 
0.030  
(0.028 - 0.033) 
2.18 4 8.73 0.068 - - 
R-strain 4223 4.21 (± 0.33) 
0.277 
 (0.245 - 0.308) 
8.55 4 34.18 6.84E-07*** 
9 
(4.76 – 17.63) 
- 
F1(♀R x ♂W) 3353 4.59 (±0.45) 
0.060 
 (0.053 - 0.067) 
6.42 5 32.10 5.68E-06*** 
2 
(1.35 – 2.89) 
-0.38 
F1(♀W x ♂R) 3757 4.42 (± 0.44) 
0.058 
 (0.051 - 0.064) 
6.94 5 34.70 1.73E-06*** 
2 
(1.30 – 2.78) 
-0.41 
F1 pooled 7110 4.50 (± 0.30) 
0.059  
(0.055 - 0.063) 
9.74 10 97.37 1.83E-16*** 
2  
(1.33 – 2.83) 
-0.39 
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additional genes. We analyzed the progeny of a cross between the W-strain and the R-
strain to determine whether the resistance factor in the W-strain is also found in the R-
strain, as well as to determine the number of additional genes that contribute to resistance 
in the R-strain.  
If there is no common resistance gene shared between the weakly and strongly 
resistant strains, their F1 progeny will be heterozygous at each resistance locus. As a 
result, the dominant susceptibility phenotype will be expressed and the F1 progeny will be 
almost completely sensitive to phosphine. This is not the case, as the observed mortality 
curve of the F1 progeny indicated a higher level of resistance than the W-strain (Fig. 3.3). 
The simplest explanation for the result is that the resistance factor in the W-strain is also 
present in the R-strain and that one or more additional factors are responsible for the 
greater level of resistance in the R-strain. The fact that the probit curve of the F1 was 
closest to the curve of W-strain rather than the strong resistance R-strain (Fig. 3.3) and the 
degree of dominance of pooled F1 determined to be -0.39 (Table 3.2) indicate that the 
additional resistance factor in the R-strain is incompletely recessive. The resistance levels 
of the reciprocal F1 progeny were about twice that of the W-strain.  
If the additional resistance phenotype of the R-strain is contributed by a single 
gene, 25% of the F2 progeny will be homozygous recessive and therefore strongly 
resistant. Because the degree of resistance between the R-strain and the W-strain was not 
very great (i.e. only 9×) and the resistance was only incompletely recessive, a weak 
inflection of the F2 response curve at 75% mortality can be anticipated, rather than a 
distinct plateau (Tsukamoto, 1963). It was clear from results shown in Fig. 3.3 and S3 
Table, however, that there was no inflection observed within the expected dose range (0.1 
– 0.15 mgL-1) but the actual plateau was at 91% mortality, and the observed mortality was 
significantly greater than expected in response to phosphine from 0.05 to 0.2 mgL-1(P < 
0.05 and P < 0.01). 
To test the hypothesis that the difference between weak and strong resistance is a 
monogenic trait, the F1 progeny of a cross between the W-strain (♀) and the R-strain (♂) 
was backcrossed to the R-strain. A monogenic hypothesis predicts that half of the progeny 
of the F1-BC will be homozygous resistant, whereas the other half will be heterozygous for 
the additional gene. Thus an inflection in the response curve of the F1-BC progeny is 
expected at 50% mortality. A shoulder was indeed observed at 42-45% mortality (Fig. 3.4). 
However, this was followed by significantly greater than expected mortality in response to 
0.2 mgL-1 and 0.3 mgL-1 phosphine (P < 0.01) (S4 Table). Interestingly, a very distinct 
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plateau occurred at 93% mortality that persisted through the highest dose tested 0.9 mgL-1 
which was highly significantly different from the value predicted from a monogenic model 
(P = 1.61E-08) (S4 Table). Thus, the hypothesis that one distinct gene is responsible for 
strong resistance compared to weak resistance is not supported by the data. 
4. Discussion  
Previous studies have indicated that alleles of two genes, rph1 and rph2, are 
responsible for the strong resistance phenotype in Rhyzopertha dominica and Tribolium 
castaneum. The identity of the rph2 resistance factor is known and has been shown to be 
the same gene in both species, whereas the identity of rph1 is not known in any species 
(Schlipalius et al., 2012). It is likewise not known whether resistance is due to the same 
two genes in other major pest species, which provided the motivation to analyse the 
genetics of phosphine resistance in S. oryzae, another major pest of grain that exhibits 
strong resistance to phosphine. 
Our analysis of the responses of F2 and F1-BC progenies of a series of crosses 
between S-strain (susceptible to phosphine), W-strain (weak resistance phenotype) and R-
strain (strong resistance phenotype) led us to the conclusion that strong resistance to 
phosphine in S. oryzae is controlled by at least 2 major genes. One of these genes is 
responsible for weak resistance in the W-strain and contributes to resistance in the R-
strain as well. These findings are consistent with results from (Li and Li, 1994) who 
concluded that strong resistance in a Chinese strain was controlled by more than one 
autosomal factor. The results in S. oryzae are also consistent with results in R. dominica 
(Ansell et al., 1990, Li et al., 1994, Collins et al., 2002, Schlipalius et al., 2002, Mau et al., 
2012b, Mau et al., 2012a, Kaur et al., 2012) and T. castaneum (Ansell et al., 1990, 
Bengston et al., 1999, Jagadeesan et al., 2012) in which the gene responsible for weak 
resistance also contributes to the strong resistance trait. Weak resistance was previously 
genetically characterised in S. oryzae (Daglish et al., 2014) and was found to be 
incompletely recessive, autosomally inherited and lacking any maternal influence. As 
these characteristics are shared with the rph1 genes in T. castaneum and R. dominica, we 
will name the weak resistance factor in S. oryzae So_rph1 (S. oryzae_resistance to 
phosphine 1).  
The additional factor, that together with So_rph1 gives rise to the strong resistance 
phenotype in S. oryzae, is also incompletely recessive, autosomally inherited and without 
maternal influence. The mode of inheritance of strong resistance to phosphine in S. oryzae 
in our current study is consistent with results of genetic analyses of phosphine resistance 
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on the same species (Li and Li, 1994, Daglish et al., 2014) and in two other species of 
grain pests, R. dominica (Collins et al., 2002) and T. castaneum (Bengston et al., 1999, 
Jagadeesan et al., 2012). Strong resistance is an incompletely recessive, autosomal trait 
in all isolates of all three species. One distinction is that the resistance factor of the 
strongly resistant strain in S. oryzae is less than that of other insect pests when 
determined from the LC50 values for a 48 h exposure. Thus, the strongly resistant strain of 
S. oryzae is 52-fold more resistant than the basal tolerance of a susceptible reference 
strain and 9 times the resistance of the weakly resistant strain. In contrast, the resistance 
factor of the strongly resistant strains of R. dominica range from 100 to 225 times that of 
the susceptible reference strain (Mau et al., 2012b), with one report of 600 times (Collins 
et al., 2002). Strong resistance in T. castaneum is 90 times that of the fully susceptible 
strain given a 48 h exposure (Jagadeesan, unpublished) but reaches 431 times for a 20 h 
phosphine exposure (Jagadeesan et al., 2012).  
Despite the broad similarity between phosphine resistance in S. oryzae and other 
pest insects, we did make an interesting and unique observation. A small proportion of the 
F1-BC progeny was unusually strongly resistant to phosphine, which was observed as a 
plateau in the probit mortality curve at the highest concentrations tested (Figs. 3.2 and 
3.4), even to the extent that some individuals were more resistant to phosphine than the 
strongly resistant parent. This result, together with other deviations from a model that 
assumes that the strong resistance trait can be explained by a single gene in addition to 
So_rph1, has led us to conclude that resistance in the strains we tested is more complex 
than what has previously been observed in T. castaneum and R. dominica.  
These results may indicate the presence of multiple additional resistance genes or 
may be explained by multiple alleles at one or more resistance loci, which differ in the 
strength of the resistance phenotype they confer. The latter interpretation is supported by 
the observation that despite being selected multiple times to ensure homozygosity for 
resistance alleles, the strongly resistant strain of S. oryzae exhibited phenotypic 
heterogeneity, unlike the susceptible and weakly resistant strains. Future DNA sequence 
analysis of the resistance genes may clarify this point. The ambiguity regarding the 
genetics of strong resistance in S. oryzae makes it premature to propose the existence of 
a genetic equivalent of the rph2 locus previously described for T. castaneum and R. 
dominica (Schlipalius et al., 2012).  
In many ways the genetics of phosphine resistance is similar in each of the pest 
species studied so far. However, until the molecular identity of the resistance genes is 
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known in each species, our ability to make direct comparisons remains limited. While the 
identity of the rph1 gene remains unknown, rph2 is known to be mediated by the 
dihydrolipoamide dehydrogenase (dld) gene in both R. dominica and T. castaneum 
(Schlipalius et al., 2012). As most properties of the resistance trait are similar between 
those species and S. oryzae, it is reasonable to predict that the dld gene will contribute to 
phosphine resistance in the latter. If this proves to be the case, a simple molecular tool can 
be developed to effectively identify resistance alleles and assist with resistance 
management in S. oryzae and other stored product insects. 
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Figure 3.1 Probit analysis of mortality due to phosphine exposure: S-strain x R-
strain intercross. Percent mortality was determined after a 48 h exposure to phosphine at 
25°C followed by a week recovery period. Results for susceptible (S-strain) and strongly 
resistant (R-strain) insects are provided for reference. Experimental data for reciprocal F1 
and F2 progeny are shown. A theoretical mortality response curve for the F2 is drawn 
based on the hypothesis that only a single gene contributes to the observed resistance.  
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Figure 3.2. Probit analysis of mortality due to phosphine exposure: S-strain x R-
strain backcross. Percent mortality was determined after a 48 h exposure to phosphine 
at 25°C followed by a week recovery period. Results for susceptible (S-strain) and strongly 
resistant (R-strain) insects are provided for reference. Experimental data for pooled F1 
progeny as well as the progeny of the backcross of the F1 to the R-strain parent are 
shown. A theoretical mortality response curve for the F1-BC is drawn based on the 
hypothesis that only a single gene contributes to the observed resistance.  
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Figure 3.3. Probit analysis of mortality due to phosphine exposure: W-strain x R-
strain intercross. Percent mortality was determined after a 48 h exposure to phosphine at 
25°C followed by a week recovery period. Results for weakly resistant (W-strain) and 
strongly resistant (R-strain) insects are provided for reference. Experimental data for 
reciprocal F1 and F2 progeny are shown. A theoretical mortality response curve for the F2 
is drawn based on the hypothesis that only a single gene contributes to the observed 
resistance.  
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Figure 3.4. Probit analysis of mortality due to phosphine exposure: W-strain x R-
strain backcross. Percent mortality was determined after a 48 h exposure to phosphine 
at 25°C followed by a week recovery period. Results for weakly resistant (W-strain) and 
strongly resistant (R-strain) insects are provided for reference. Experimental data for 
pooled F1 progeny as well as the progeny of the backcross of the F1 to the R-strain parent 
are shown. A theoretical mortality response curve for the F1-BC is drawn based on the 
hypothesis that only a single gene contributes to the observed resistance
 54 
 
Supporting Information  
S1 Table. Chi-square test of the one gene model of phosphine resistance based on 
the F2 progeny of an S-strain x R-strain cross. 
  Mortality (number)   
Dose (mg L-1) n Observed Expected Modified χ2 P 
0.005 854 123 139.8 0.206 0.650 
0.008 862 281 333.7 1.161 0.281 
0.01 855 417 424.5 0.023 0.880 
0.015 851 557 552.6 0.009 0.926 
0.03 856 685 635.6 1.274 0.259 
0.06 899 848 674.7 15.234 9.5E-05*** 
0.1 902 868 683.5 17.556 2.79E-05*** 
0.3 902 886 802.1 6.764 0.0093** 
0.4 905 895 848.1 3.524 0.061 
n = number of insects tested; χ2 = chi-square; P = probability value. Expected = number of dead 
insects expected based on a one gene model of phosphine resistance. Weighted mean 
heterogeneity factor = 11.71. *Significant (P<0.05); **Significant (P<0.01); ***Significant (P<0.001). 
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S2 Table. Chi-square test of the one gene model of phosphine resistance based on 
the progeny of an F1 x R-strain backcross, where the F1 was generated from an S-
strain (♀) x R-strain (♂) cross. 
  Mortality (number)   
Dose (mg L-1) n Observed Expected Modified χ2 P 
0.005 301 3 19.1 1.153 0.283 
0.007 300 17 44.9 1.631 0.202 
0.008 402 38 78.3 2.054 0.152 
0.01 401 49 110.5 3.770 0.052 
0.015 304 52 122.8 5.476 0.019* 
0.02 253 90 116.3 0.876 0.349 
0.025 251 104 121.1 0.371 0.542 
0.03 401 167 197.3 0.731 0.393 
0.04 251 136 125.0 0.153 0.696 
0.05 250 143 125.0 0.415 0.519 
0.06 400 273 200.4 4.204 0.040* 
0.08 250 187 126.4 4.688 0.030* 
0.1 400 300 206.2 7.032 0.008** 
0.3 298 271 232.0 2.363 0.124 
0.4 402 377 351.4 1.180 0.277 
0.6 304 289 292.0 0.061 0.805 
0.9 400 380 396.9 7.298 0.007** 
n = number of insects tested; χ2 = chi-square; P = probability value. Expected = number of dead 
insects expected based on a one gene model of phosphine resistance. Weighted mean 
heterogeneity factor = 12.52. *Significant (P<0.05); **Significant (P<0.01); ***Significant (P<0.001). 
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S3 Table. Chi-square test of the one gene model of phosphine resistance based on 
the F2 progeny of a W-strain x R-strain cross. 
  Mortality (number)   
Dose (mg L-1) n Observed Expected Modified χ2 P 
0.02 913 69 65.8 0.023 0.880 
0.03 909 148 155.8 0.062 0.804 
0.05 909 436 351.8 4.357 0.037* 
0.08 908 625 546.9 4.050 0.044* 
0.15 912 791 697.5 7.061 0.008** 
0.2 904 822 736.1 7.140 0.008** 
0.3 904 809 803.6 0.044 0.834 
0.5 909 893 877.0 1.093 0.296 
0.6 912 912 894.0 2.437 0.119 
n = number of insects tested; χ2 = chi-square; P = probability value. Expected = number of dead 
insects expected based on a one gene model of phosphine resistance. Weighted mean 
heterogeneity factor = 7.55.*Significant (P<0.05); **Significant (P<0.01); ***Significant (P<0.001). 
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S4 Table. Chi-square test of the one gene model of phosphine resistance based on 
the progeny of an F1 x R-strain backcross, where the F1 was generated from a W-
strain (♀) x R-strain (♂) cross. 
 
  Mortality (number)   
Dose (mg L-1) n Observed Expected Modified χ2 P 
0.03 350 8 18.5 0.815 0.367 
0.06 353 102 94.4 0.109 0.741 
0.08 407 173 152.2 0.587 0.444 
0.1 403 185 178.6 0.053 0.819 
0.15 402 274 220.6 3.698 0.054 
0.2 402 329 254.6 7.659 0.006** 
0.3 401 373 312.0 6.930 0.008** 
0.4 385 334 336.6 0.020 0.888 
0.6 402 377 386.1 0.699 0.403 
0.9 403 372 399.8 31.914 1.61E-08*** 
n = number of insects tested; χ2 = chi-square; P = probability value. Expected = number of dead 
insects expected based on a one gene model of phosphine resistance. Weighted mean 
heterogeneity factor = 7.75. *Significant (P<0.05); **Significant (P<0.01); ***Significant (P<0.001). 
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Abstract 
High levels of resistance to phosphine in the rice weevil Sitophilus oryzae have 
been detected in Asian countries including China and Vietnam. However there is limited 
knowledge of the genetic mechanism of resistance in these strains. We find that the 
genetic basis of strong phosphine resistance is conserved between strains of S. oryzae 
from China, Vietnam and Australia. Each of four strongly resistant strains has an identical 
amino acid variant in the encoded dihydrolipoamide dehydrogenase (DLD) enzyme that 
was previously identified as a resistance factor in Rhyzopertha dominica and Tribolium 
castaneum. The unique amino acid substitution, Asparagine > Threonine (N505T) of all 
strongly resistant S. oryzae corresponds to the position of an Asparagine > Histidine 
variant (N506H) that was previously reported in strongly resistant R. dominica. Progeny 
(F16 and F18) from two independent crosses showed absolute linkage of N505T to the 
strong resistance phenotype, indicating that if N505T was not itself the resistance variant 
that it resided within 1 or 2 genes of the resistance factor. Non-complementation between 
the strains confirmed the shared genetic basis of strong resistance, which was supported 
by the very similar level of resistance between the strains, with LC50 values ranging from 
0.20 to 0.36 mgL-1 for a 48 hour exposure at 25°C. Thus, the mechanism of high level 
resistance to phosphine is strongly conserved between R. dominica, T. castaneum and S. 
oryzae. A fitness cost associated with strongly resistant allele was observed in segregating 
populations in the absence of selection. 
Keywords: rph2 gene, dihydrolipoamide dehydrogenase, rice weevil, mode of inheritance 
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1. Introduction  
Sitophilus oryzae (Linnaeus) is a cosmopolitan insect pest of stored grain that, if left 
uncontrolled, will cause significant losses in both grain quality and quantity (Cotton, 1920). 
Phosphine, hydrogen phosphide gas (PH3), is the treatment of choice in most cases 
against this pest as it has many advantages including acceptance by markets, low or no 
residue, ease of application, low cost and the fact that it is environmentally benign 
(Chaudhry, 2000). However, high level resistance to this fumigant in S. oryzae has been 
reported from countries including India, China, Morocco, Brazil and Australia (Rajendran, 
1998, Zeng, 1998, Athié et al., 1998, Benhalima et al., 2004, Nguyen et al., 2015). 
Recently, high level resistance to phosphine in S. oryzae has been detected in Vietnam as 
well. These reports are of concern as there is currently no practical replacement for 
phosphine that can match its range of advantages.  
Phosphine resistance in S. oryzae shows two phenotypes, labeled weak and strong 
resistance, and it is essential that the genetics of these resistances is understood as a 
basis for developing rational strategies to manage phosphine resistance. Classical genetic 
analysis of S. oryzae has indicated that weak resistance is controlled by a single 
incompletely recessive, autosomally inherited gene, whereas strong resistance is 
mediated by at least two incompletely recessive, autosomally inherited genes (Li and Li, 
1994, Daglish et al., 2014, Nguyen et al., 2015). In addition, both resistance phenotypes 
share one gene, which is responsible for weak resistance. This mode of inheritance of 
phosphine resistance also occurs in other insect pests of stored grain including the lesser 
grain borer (Rhyzopertha dominica) (Collins et al., 2002) and the red flour beetle 
(Tribolium castaneum) (Jagadeesan et al., 2012). Crosses between strongly resistant 
strains of R. dominica from Australia and India, revealed that genes contributing to strong 
resistance are shared between strains from two nations (Kaur, 2012). Furthermore, 
crosses between field populations collected from widely separated regions in Australia, 
indicated that weak and strong resistance were the same in all strains (Mau et al., 2012a, 
Mau et al., 2012b). These data suggest that the genetic mechanism of phosphine 
resistance may also be similar among strains of S. oryzae from various regions of origin.  
Studies based on genomic mapping and simple Single Nucleotide Polymorphism 
(SNP) averaging methods confirmed that there are two loci associated with resistance in 
R. dominica and T. castaneum, namely rph1 (tc_rph1) and rph2 (tc_rph2) (Schlipalius et 
al., 2002, Jagadeesan et al., 2013). A critical discovery was that the second resistance 
gene (rph2), which is conserved in both species, encodes an essential enzyme involved in 
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energy metabolism, dihydrolipoamide dehydrogenase (DLD). Five amino acid substitutions 
were detected in the dld gene in strongly resistant strains of R. dominica (P49S, P85S, 
G135S, K142E, N506H) and one mutation (G131S) in T. castaneum, all of which had been 
collected from Australia (Schlipalius et al., 2012). Analysis of DLD sequences of 
phosphine-resistant insect pests from India (Kaur et al., 2015), also showed one 
homologous variant in both R. dominica (P49S) and T. castaneum (P45S) were common 
across southern India.  
There is currently very limited genomic information available for S. oryzae, and also 
limited information on the nature of phosphine resistance genes in this species.  To 
address these limitations, the present study 1) compares the mode of inheritance of 
phosphine resistance in strongly resistant S. oryzae strains collected from Vietnam, China 
and Australia, 2) determines the resistance variant of DLD in S. oryzae and measures its 
linkage to the phosphine resistance trait and 3) determines the fitness effects of a 
resistance allele.  
2. Materials and Methods 
2.1 Insect strains 
This study used a susceptible strain, LS2 (S-strain) collected from Brisbane, 
Queensland in 1965 (Daglish et al., 2002); a weakly phosphine resistant strain, QSO335 
(WR) collected from Millmerran, Queensland in 1990 (Daglish et al., 2002) and four 
strongly phosphine resistant strains: the SRAus strain (referenced as NNSO7525) collected 
in 2009 from Griffith, New South Wales, Australia (Nguyen et al., 2015); the SRCN strain 
was derived from adults collected from Santai, Sichuan Province, China in 1998 (Daglish 
et al., 2002); two strains were collected from national reservation stations in Vietnam in 
2009, one from Daklak (SRVN1) – a province in south Vietnam, the other strain from 
Vinhphuc province (SRVN2) in north Vietnam. The two Vietnamese strains were identified 
as strongly resistant to phosphine based on the FAO method (No.16) (Anon, 1975) of 
survival at a discriminating dose of 0.25 mg.L-1 for 48 h exposure. The S-strain was always 
maintained under phosphine free condition while WR, SRAus, SRCN, SRVN1 and SRVN2 were 
selected at a discriminating doses of 0.04 mg.L-1 for WR and 0.25 mg.L-1 for SR for 48 h 
over at least three generations to promote homozygosity of resistance genes in the 
population. All strains were cultured on whole wheat at 25ºC and 55% relative humidity 
(RH). 
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2.2 Fumigation assays 
Phosphine gas was generated from aluminium phosphide tablets dissolved in a 5% 
sulfuric acid solution and collected into a tube via a funnel. The source of phosphine was 
measured using a gas chromatograph fitted with a thermal conductivity detector (Perkin 
and Elmer, Clarus 580 model).  
Adult insects (2-3 weeks old) of parental strains and their progenies were fumigated 
simultaneously to reduce variations in the experiment (Preisler et al., 1990). We tested 150 
insects per dose separated into three small plastic cups without food including the control 
(air, no PH3). Insects were exposed to phosphine at required concentrations for 48 h at 
25ºC, 60% RH. After fumigation, insects were fed on whole wheat and mortality data were 
recorded after a 7 days recovery period. Each bioassay was conducted three times with a 
three week gap between replications. 
2.3 Complementation analysis of Asian and Australian strains 
2.3.1 Reciprocal crosses between strongly resistant strains 
Virgin adults of the four strongly resistant strains (SRAus, SRVN1, SRVN2, SRCN) were 
sexed under a microscope according to the method of Halstead (Halstead, 1963) to isolate 
the sexes. Fifty reciprocal, single-pair crosses were set up between each of SRCN, SRVN1, 
SRVN2 and SRAus. These parental pairs were placed on to fresh grain every two weeks to 
produce batches of F1 progeny. Each F1 generation (2-3 week old adults) of each 
reciprocal cross was then inbred randomly to generate an F2 generation. In addition, mass 
crosses of 100 F1 individuals were placed on fresh grain at two week intervals. The F1, F2 
progenies and their parents were subsequently exposed at a range of concentrations of 
phosphine to test their response.   
2.3.2 Statistical analysis 
Mortality occurring in the control treatment (< 4% in these experiments) was 
corrected in treated samples using Abbott’s formula (Abbott, 1925). Mortality of parental 
strains (P0) and their F1 progeny was then subjected to probit analysis using GenStat 
statistic package 16.1 version (www.vsni.co.uk/software/genstat). Homozygosity of P0 and 
F1 populations for response to phosphine was tested by modified chisquare (modified χ
2) 
value (Nguyen et al., 2015) which incorporated the standard χ2 calculated according to 
Finney’s method (Finney, 1971) with heterogeneity factor obtained from GenStat probit 
analysis.  
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The method developed by Robertson and Preisler (1992) was used to determine 
resistance ratios at LC50 between SRCN, SRVN and SRAus  and 95% confidence intervals 
(95%CI). Relative potency is a statistical parameter generated from Genstat probit 
analysis based on a comparison of responses to phosphine at dose ranges between 
reciprocal F1 groups (Finney, 1971). The fiducial limits (95%FL) of relative potency show 
non-significant difference between two response data of reciprocal hybrids if the lower and 
upper limits bound one (i.e. same potency) (Bengston et al., 1999).  
The response of F1 generations to phosphine is used as a basis to identify whether 
the resistance gene(s) are shared between strains collected from China, Vietnam and 
Australian. If the response line of F1 progeny is close to or overlaps with that of the S-
strain, then the gene(s) controlling resistance to PH3 in SRCN, SRVN  are different from 
those conferring resistance in SRAus (S1 Figure). When the F1 response is close to or 
overlaps with the response of WR, then the two strains SRCN, SRVN likely share one 
common gene with SRAus (S1 Figure). In the case of the F1 response lying between the 
response lines of the two parental strains, then the genes contributing to strong resistance 
in the Asian and Australian strains are shared, but if one parental strain has a clearly 
stronger resistance, it is possible that there may be extra factors causing a higher level 
resistance in that strain. In this case, the response of F2 should elucidate the extra factors. 
2.4 Identification and sequencing of DLD in S. oryzae  
2.4.1 Genetic crosses 
Virgin adults of the S-strain, WR, SRAus were sexed and set up in the following 
single pair crosses: ♀S-strain x ♂SRAus and ♀WR x ♂SRAus. Approximately 100 sibling F1 
of each cross were then freely mated to produce an F2 and this was repeated to produce 
subsequent non-overlapping generations.  A part of adults obtained at F6 were exposed to 
phosphine at 0.6 mgL-1 for 48 hours, a dose expected to kill all susceptible and weak 
resistant insects (i.e. non-homozygous for strong resistance). Selected survivors were 
anticipated to be homozygous at all the resistance loci contributing to strong resistance, 
whereas the rest of the F6 population was not exposed to phosphine and constituted an 
‘unselected’ group, which was anticipated to have mixed genotypes at the resistance loci.  
2.4.2 RNA extraction and transcriptome sequencing 
Total RNA was extracted from 50 mg insects (~15–20 individuals) of each parental 
strain and the selected and unselected F6 progeny using the Isolate RNA™ mini kit 
(Bioline, Australia). Live insects initially were homogenized by a rotor-stator homogenizer 
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for 20 - 40 seconds in Lysis buffer R and the subsequent steps were carried out according 
to the manufacturer’s protocol. Yield of RNA was assessed using a BioTek Epoch 16-spot 
microspot plate spectrophotometer. Total RNA was sequenced using the Illumina Hiseq 
RNAseq 100 bp paired-end protocol. 
2.4.3 Transcriptome sequence assembly  
Illumina 100bp paired-end reads from the susceptible strain were assembled by 
CLC Genomics Workbench software version 7.0.3 (www.clcbio.com) using the de novo 
assembly function (minimum contig length = 200, word size = 23, bubble size = 50). The 
susceptible strain was used as reference to ensure variants that were unique to resistant 
strains were not incorporated into the reference transcriptome sequence. To ensure 
correct and full transcript sequence for DLD in the transcriptome, the assembled contigs 
were aligned against R. dominica DLD susceptible strain QRD14 from the NCBI database 
(accession number: JX434596) using the tBLASTx algorithm to identify homologous 
sequences. The matching contigs then were reassembled into a fully complete and 
annotated sequence coding DLD protein, named So_dld reference contig, which then 
replaced the homologous sequences in the S-strain reference contig list. 
2.5 Linkage analysis of So_dld to phosphine resistance using SNP variants 
The reads from each parental strain and F6 selected and unselected groups were 
separately aligned against the partially annotated contigs of reference S-strain using the 
read-mapping function of CLC software (mismatch cost = 2, insertion cost = 3, deletion 
cost = 3, length fraction = 0.5, similarity fraction = 0.8) and single nucleotide polymorphism 
(SNP) variants were detected via the Probabilistic Variant Detection function of CLC 
Genome Workbench (minimum coverage = 10, variant probability = 90%, required variant 
count = 2). Variant SNP frequencies (count/coverage) in So_dld relative to the susceptible 
strain evaluated for each of the resistant strains and F6 selected/unselected groups. If the 
SNP frequency was >95%, the strain was classed as homozygous, but heterozygous at an 
allele frequency of 50 - 80% (Jagadeesan et al., 2013).  
2.6 Comparison of So_dld sequences of all strains 
2.6.1 cDNA synthesis and sample preparation for sequencing  
We confirmed and compared the So_dld sequences of all the Australian strains and 
strongly resistant strains from Vietnam and China using Sanger sequencing. Total RNA of 
15 adult insects of SRVN1, SRVN2, SRCN was extracted using the Isolate RNA mini kit 
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(Bioline, Australia). Next, we used 1000ng of purified RNA from the six research strains to 
convert to cDNA using the Invitrogen SuperScriptTM III cDNA synthesis kit. All reverse 
transcription steps were conducted following the manufacturer’s protocol. The DLD coding 
sequences (1.8kb) of all strains were PCR amplified from cDNA in a 20µl reaction volume 
including 2µl (~100ng) cDNA template, 1µl forward primer 10nM (5’-
AGTTGTCATTCCGTCGTCCT-3’), 1µl reverse primer 10 nM (5’-
GCGAAGGAATTAAGCACATT - 3’), 10µl master mix of EmeraldAmp GT PCR master mix 
kit. The PCR reaction conditions were: denaturation at 95ºC for 3 min; then 40 cycles of 
95ºC for 20 s, 60ºC for 30 s, 72ºC for 2 min; final extension at 72ºC for 5 min. PCR products 
were subsequently purified and sequenced. 
2.7 Fine-scale linkage analysis  
2.7.1 Single-pair genetic crosses and genomic DNA extraction 
A virgin female of S-strain or WR was each crossed to a virgin male of SRAus to 
produce an F1 population, a virgin single pair of the F1 cohort was mated to each other to 
produce an F2 generation.  Progeny from F2 was allowed to mate freely to produce F3 and 
subsequent non-overlapping generations. Approximately 10,000 individual offspring of 
each of the crosses were selected at either the F16 for cross WR x SRAus cross or F18 of 
the S-strain x SRAus cross using the discriminating dose of 0.6 mg.L
-1 for F16 and 0.5 mg.L
-1 
for F18. Individual survivors of each selection were preserved at -20ºC until DNA was 
extracted for subsequent genotyping at the So_dld locus. Briefly, genomic DNA was 
extracted from each individual parent, hybrid F1s and survivors of F16 (WR x SRAus) and 
F18 (S-strain x SRAus) using a modified HotsHot DNA extraction method described by 
Montero-Pau et al. (2008). One insect per extraction was lysed in 75µl Alkaline lysis buffer 
(25 mM NaOH and 0.2 mM EDTA) (pH=12) at 95ºC for 30 min, cooled down at 4ºC for 10 
min; then solution was neutralized by 75µl of 40 mM Tris-HCl (pH=5). 
2.7.2 Visualization of the resistance allele in the dld gene 
Primers were designed that amplified a specific 297 bp region which contained a 
unique SNP coding for an amino acid variant, discussed below. We designed a cleaved 
amplified polymorphic sequence (CAPS) assay that utilized a restriction enzyme (RE) site 
that recognized the unique variant SNP. The assay cleaved the resistant allele but did not 
digest sensitive alleles at that specific site.  
Individuals were genotyped by PCR amplification of the So_dld marker fragment in 
a reaction that consisted of 10µl PCR master mix (EmeraldAmp), 1µl of 10nM forward (5’-
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AGGAGTACGGCGCATCAT-3’) and 1µl of 10nM reverse (5’-
CGATAACAAAAAAGGGGCG-3’) primers, 2µl of 1:10 dilution of DNA template (HotsHot), 
6µl dH2O. The reaction conditions were: denaturation for 3 min at 95
ºC followed by 40 
cycles of 95ºC 20s, 55ºC 30s, 72ºC 1 min, with a final extension of 5 min at 72ºC. For each 
individual, all PCR products were subsequently digested with addition of 10µl restriction 
enzyme mixture including 3µl 10x NE buffer, 0.5µl HphI enzyme (BioLabs), 6.5 µl dH2O 
and incubated at 37ºC for 10 hours, inactivated at 65ºC for 20 min then cool down at 4ºC 
for 10 min. The HphI enzyme cuts the So_dld marker fragment of the strongly resistant 
strain into two smaller fragments of 100bp and 197bp but does not cut fragments from the 
S-strain or WR strain. Digested samples (5µl) were visualized by agarose gel 
electrophoresis loaded on (2% agarose in 1x TAE, 110V, 60 min). 
If there was any recombination between So_dld marker and its target resistant gene 
being detected on selected population, map distance was calculated by formula 
(Schlipalius et al., 2002):    
                           
                                              
 . 
2.8 Fitness analysis of the So_dld resistance allele 
The effect of the So_rph2 resistance allele on reproductive fitness was monitored 
as change in allele frequency over generations in the absence of phosphine selection. 92-
96 individuals each of F2, F10, F16 or F18 mapping populations that had been propagated in 
the absence of phosphine were genotyped for the presence or absence of the N505T 
variant by the CAPS procedure described above. We firstly calculated the frequency of 
each allele at each generation that we analyzed and compared the change in allele 
frequency relative to the F2 generation. We then used Chi-square analysis to determine 
whether the genotype ratios at each generation deviated from Hardy-Weinberg 
equilibrium. Significant changes in the allele frequencies across generations and genotype 
frequencies within populations were used to identify selective advantage or disadvantage 
associated with the So_rph2 resistance variant. 
Data Archiving 
According to the data archiving guidelines (Baker, 2013), we have deposited the 
nucleotide sequences of dld mRNA of S. oryzae in Genbank, accessions KT893322 – 
KT893327 
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3. Results 
3.1 Complementation analysis of Asian and Australian strains. 
SRVN1x SRAus cross 
Modified χ2 analysis showed that both parental resistant strains were homogeneous 
in their response to phosphine (P = 0.587 for SRVN1 and P = 0.694 for SRAus) (Table 4.1). 
The resistance ratio at the LC50 between SRAus and SRVN1 was 1.02, indicating that the 
level of resistance to phosphine of these strains was the same. The response of the F1 
(♀SRVN1 x ♂SRAus) relative to that of the reciprocal cross F1 (♀SRAus x ♂SRVN1) was 0.913 
(0.767 – 1.082). Because the fiducial limits bounded 1.0, the response to phosphine of the 
reciprocal F1 hybrids was found to be not significantly different. This confirmed that the 
genes controlling strong resistance in SRVN1 and SRAus were autosomally inherited, 
allowing data from the F1 hybrids to be pooled.  
Although the mortality response lines of the two parental strains SRVN1 and SRAus 
intersected, the probit response of the F1 generation always lay between the parent lines 
(Figure 4.1) indicating that genes contributing to resistance to phosphine in SRAus were the 
same in SRVN1. We tested the response of the F2 progeny at a range of PH3 doses to 
detect the possible presence of additional gene(s) causing strong resistance that was not 
shared between two parental strains. However, there were no differences observed in the 
response of the F2, supporting our hypothesis that the phosphine resistance is conferred 
by the same genes in SRAus and SRVN1.  
SRVN2 x SRAus cross 
The mortality response of the second strongly resistant strain from Vietnam, SRVN2, 
fitted closely to the probit model (Figure 4.2) showing homogeneity of response to PH3 (P 
=  0.094) (Table 4.1). The resistance to phosphine of SRVN2 was slightly less than that of 
SRAus (Rf = 1.47), and their LC50s were distinguishable statistically as the number 1 was not 
included in the 95% CIs (Table 4.1). Relative potency (95% FL) when comparing data of 
reciprocal F1s was 0.995 (0.849 – 1.167), therefore responses of F1 hybrids were 
statistically identical showing the absence of a maternal effect on the trait. This allowed 
data of F1A and F1B to be combined in future analysis. 
In these crosses, the observed response of the F1 was lower than that of the 
parental strains at high doses (from 0.6 mg.L-1) while responses at low and moderate 
doses were in between those of the parents (Figure 4.2). The simplest explanation is that 
both parental strains share the same major resistance factors and that the higher level of 
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resistance in the hybrid is the result of an allelic interaction. The response of the F2 almost 
overlapped the response of the F1 (Figure 4.2), showing both parental strains to share the 
same genes responsible for strong resistance to phosphine. 
SRCN x SRAus cross 
 The response of SRCN to phosphine was homogeneous (P = 0.159) (Table 4.1) with 
a somewhat higher resistance, 1.23 times than that of the SRAus. The LC50 values of these 
two strains were significantly different (Table 4.1). Relative potency (RP) analysis showed 
no significant difference between responses of F1 progenies of SRCN x SRAus and SRAus x 
SRCN (RP [95% FL] = 1.109 [0.955 – 1.289]). Therefore, genes conferring strong 
resistance to PH3 in parental strains were not sex linked and response data of reciprocal 
F1 hybrids could be merged. 
 The response of the F1 progeny lay entirely between those of parental strains but 
closer to that of SRAus (Figure 4.3), indicating that the genes responsible for strong 
resistance in SRAUS were shared with SRCN. The response curve of the F2 generation 
(Figure 4.3) confirmed the absence of any additional genes for resistance to PH3 in SRCN. 
3.2 Reference transcriptome assembly of So_dld 
Assembly of the transcriptome from the S-strain resulted in 28,439 contigs with a 
mean length of 1116bp and with the total length of all contigs just greater than 31Mb (S5 
Table). We used the DLD mRNA sequence of R. dominica (accession: JX434596) to find 
homologous sequences in the susceptible S. oryzae transcriptome contig list by tBLASTx 
and found 14 contig fragments matching DLD. These contigs were then reassembled to 
create one single sequence of 1956bp that covered the entire coding region of So_dld. 
The encoded DLD protein of S. oryzae was predicted to be 507 amino acids in length 
(accession number: KT893322). 
3.3 Unique SNP detection 
Alignment of the So_dld cDNA sequences of all S. oryzae strains used in this study 
(accession number: from KT893323 to KT893327) showed many SNPs along the DLD 
coding region of resistance strains compared to the susceptible strain, but almost all these 
SNPs were synonymous changes and did not alter the translated amino acid sequence of 
DLD (Table 4.2). However, this comparison showed mutations of S. oryzae strains from 
different geographic regions arising independently from each other. 
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We aligned the translations of DLD of all resistance strains to that of the S-strain 
reference sequence and identified an Asparagine >Threonine amino acid substitution, 
N505T, shared between all the strongly resistant strains (Figure 4.4). This variant was 
homologous to a previously identified resistance variant in the dld gene of R. dominica 
QNRD345 (N506H) (Schlipalius et al., 2012). This variant occurs near the carboxyl 
terminus of the DLD polypeptide (Figure 4.4), but close to the active site disulfide 
(Schlipalius et al., 2012). A CAPS (cleaved amplified polymorphic sequence) diagnostic 
marker was developed for this unique SNP to facilitate detailed analysis of linkage and 
fitness effects. We also detected another polymorphism that caused an amino acid variant 
in SRAus (S295R) that was not observed in resistant Asian strains (Figure 4.4). Alignment 
against the human three-dimensional structure (1ZMC) (Brautigam et al., 2005) showed 
that this variant occurred at an outer loop of the DLD protein which was not close to the 
disulfide active site, FAD/NAD+ binding sites or dimerisation interface areas and therefore 
was considered far less likely to be related to resistance.  
3.4 Linkage analysis  
Investigating preliminary indication of whether So_dld was linked to phosphine 
resistance, was obtained by testing for lack of heterozygosity of the gene in the strongly 
resistant parental strains and among strongly phosphine resistant progeny relative to 
susceptible or weakly resistant strains and unselected progeny. In fact, strongly resistant 
individuals were invariably homozygous at the So_dld locus, whereas, susceptible, weakly 
resistant or unselected insects were heterozygous, with no individual allele present at a 
frequency greater than 64%.  
Much stronger linkage data was obtained by analyzing strongly resistant individuals 
from segregating progenies established from single-pair intercrosses of WR x SRAus and 
S-strain x SRAus. Genotyping of 95 F16 (WR x SRAus) and 52 F18 (S x SRAus) strongly 
resistant survivors using the CAPS assay showed that 100% of the survivors of both 
crosses were homozygous resistant for the N505T variant at DLD, defining the resistance 
locus as an interval of 0.022cM.  As the size in centiMorgans of the  genetic linkage map 
of S. oryzae is not known, we used the average of the map sizes of R.dominica and 
T.castaneum 390cM and 570cM, respectively (Beeman and Brown, 1999, Schlipalius et 
al., 2002) to provide us with an estimate of the map size of S. oryzae (480 cM). If we use 
the number genes identified in T. castaneum (16,404 genes) (Richards et al., 2008) as an 
estimate of the number of genes in beetles in general, each map unit (1cM) of the rice 
weevil genome would contain roughly 16,404/480, 34 genes. The strong resistance locus 
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of S. oryzae has been mapped to an interval within 0.022cM of the dld locus, an interval 
that would contain an estimated (34 genes/cM x 0022cM x 2), 1-2 genes.  
3.5 Fitness analysis  
We analyzed the segregating single-pair intercrosses in the absence of phosphine 
selection by applying the CAPS assay to evaluate the persistence of the resistant So_rph2 
alleles for up to 16 generations. The frequency of the resistance allele (R) consistently 
decreased from the F2 to F10 generation (P=0.021) and from the F2 to the F16 generation 
(P=8.59E-09) of progeny from the WR x SRAus cross (Table 4.3). This was most apparent 
in the decline in the proportion of homozygous resistant individuals from 23.16% to 4.17% 
over 14 generations. Likewise, there was also a decrease in the frequency of the 
resistance allele over 16 generations among the progeny of  an S-strain x SRAus cross. 
The decrease was only significant at the F18 generation (P<0.001) (Table 4.3). Thus, there 
is apparently a fitness cost associated with the resistance allele responsible for strong 
resistance to phosphine in S. oryzae. Interestingly, the genotype ratios at each generation 
of each cross indicated that the populations were in Hardy-Weinberg equilibrium (P>0.05) 
(Table 4.3). Thus, the selective pressure against the strong resistance allele is weak at 
each generation but is clearly apparent when the analysis encompasses many 
generations. Selection against the resistance allele was stronger in populations in which 
every individual was homozygous for resistance at the weak resistance locus than in 
populations that began with an equal proportion of susceptibility and resistance alleles at 
the weak resistance locus.  
4. Discussion 
Understanding the genetic basis of phosphine resistance in insect pests between 
nations is vital for informing resistance management strategies globally. Our study focused 
on identification of the genetic mechanism of phosphine resistance in S. oryzae in China 
and Vietnam based on a previously genetically characterized Australian strain. The strong 
resistance to phosphine of the Australian S. oryzae strain was controlled by at least two 
major genes (Nguyen et al., 2015), with one of the genes responsible for the previously 
characterised weak resistance phenotype (Daglish et al., 2014). Genetic crosses between 
the Australian and Asian strains revealed that the same genes conferred strong resistance 
in all four resistant strains, and no additional major genes were detected in any of them. 
Our results are consistent with a complementation study between Indian and Australian 
strains in R. dominica (Kaur, 2012). Although the LC50 of the Indian R. dominica strain was 
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about three times greater than that of the strongly resistant Australian reference, there 
were two major resistance genes that were common to all strongly resistant strains of that 
species. This conservation of resistance genes (rph1, rph2) in R. dominica had previously 
been observed in strains from many different regions in Australia (Mau et al., 2012a, Mau 
et al., 2012b). Overall, classical genetic studies published to date, including our present 
study, suggest common mechanisms related to inheritance of phosphine resistance in all 
phosphine resistant stored product pests. Our subsequently molecular results that 
identified the gene contributing to the strong resistance phenotype of S. oryzae support 
this conclusion. 
Phosphine resistance has been found to be conferred by two genes that act in 
synergy in both R. dominica (Schlipalius et al., 2001, Schlipalius et al., 2002, Schlipalius et 
al., 2008, Schlipalius et al., 2012, Collins et al., 2002, Mau et al., 2012a, Mau et al., 2012b, 
Kaur et al., 2012) and T. castaneum (Schlipalius et al., 2012, Jagadeesan et al., 2013). 
The identity of the first gene (rph1/tc_rph1) that is responsible for the weak resistance 
phenotype is currently unknown, however the second gene (rph2/tc_rph2) that results in 
high level resistance in combination with  rph1/tc_rph1 was found to be the metabolic 
enzyme dihydrolipoamide dehydrogenase (DLD) in both species. Since this enzyme is 
very highly conserved in eukaryotes (Schlipalius et al., 2012, Kaur et al., 2015), we 
anticipated that at least one of the genes contributing to strong resistance in S. oryzae was 
also DLD. Firstly, we analyzed transcriptome structure of one susceptible strain to 
phosphine of S. oryzae and determined total length of transcripts being ~32Mb. From our 
initial sequencing of the S. oryzae transcriptome we assembled and validated a full length 
mRNA transcript of So_dld from the reference strain (S-strain). We then analysed the 
progeny of a segregating genetic intercross between susceptible and strongly resistant 
strains to determine whether the resistance phenotype segregated with the So_dld allele 
of the strongly resistant strain. We also repeated the analysis with a weakly by strongly 
resistant intercross. RNA sequence of the dld gene from progeny that survived exposure 
to a high dose of phosphine clearly demonstrated inheritance of the DLD enzyme variant 
from the strongly resistant parent in the strongly resistant progeny. In contrast, there was 
no strong bias toward the DLD variant from the strongly resistant parent in siblings of the 
same crosses that had not been exposed to phosphine. Thus, the dld gene is clearly 
linked to strong resistance to phosphine in S. oryzae.  
We found that the DLD sequences of the strongly resistant strains collected from 
Vietnam, China and Australia, all carried the exact same missense mutation in the gene 
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that resulted in a N505T amino acid variant in the encoded protein. A resistance variant is 
also found at the corresponding position of the DLD enzyme of strongly phosphine 
resistant R. dominica, N506H (Schlipalius et al., 2012). Although all four strongly resistant 
strains of S. oryzae shared the common N505T variant, other polymorphisms in the DNA 
sequence of the dld gene demonstrated that the resistance allele of each strain arose 
independently, as would have been expected due to the geographically diverse sites of 
origin. The finding of only one resistance variant in S. oryzae is quite unique, as multiple 
variants of DLD have been found to cause resistance in R. dominica (Schlipalius et al., 
2012). In addition, the (P49S) variant of R. dominica  and the corresponding (P45S) 
variant of T. castaneum is very common in strains of these species collected from India, 
Turkey, USA and Australia (Schlipalius et al., 2012, Kaur et al., 2015, Koçak et al., 2015, 
Chen et al., 2015), but is not in any S. oryzae strains in the present study.  
The DLD enzyme has four characterised and functionally distinct domains: a 
binding site for the FAD cofactor, a binding site for the NAD+ substrate, an active site 
disulfide and a domain required for homodimer formation. When two monomers dimerise 
they form a pore which leads from the surface of the protein to the active site disulfide 
(Brautigam et al., 2005). The N505T amino acid polymorphism found in S. oryzae is 
located at carboxyl terminus of the DLD polypeptide but in the quaternary structure it 
contributes to the pore near the active site disulfide. All phosphine resistance variants of 
DLD reported in insect pests including S. oryzae have been amino acid substitutions and 
nearly all of them are located in the pore or near the active site of the enzyme. Results 
with S. oryzae support the hypothesis that altered function of the active site disulfide bond 
is key to resistance and may be the target site of phosphine (Schlipalius et al., 2012).   
In order to confirm the strong linkage of So_dld to phosphine resistance, we 
genotyped the progeny of two single-pair intercrosses between either a susceptible or 
weakly resistant strain and a strongly resistant strain, one at the F16 generation and the 
other at the F18 generation. All of the 95 or 52 phosphine resistant progeny were 
homozygous for the N505T variant amino acid which placed it within a locus spanning 1 or 
2 genes (0.022cM). Based on this tight linkage and the similarity between the candidate 
resistance variant in S. oryzae and those of other species, we concluded that strong 
resistance to phosphine involves variants in the dld gene in S. oryzae, which has now 
been observed in three pest insect species. 
We observed a fitness cost associated with the resistance variant in a segregating 
population in the absence of phosphine selection over more than 15 generations. This was 
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most strongly observed as a significant loss of the resistance allele across the 
generations. The decrease in the frequency of the resistance allele in progeny from the 
WR x SRAus intercross was observed more consistently than the decrease observed in 
progeny from the S-strain x SRAus intercross. A previous study based on the resistance 
phenotype of populations derived from an intercross between the weakly resistant and 
susceptible strains also used in the current study detected no apparent fitness cost of the 
weak allele over seven generations without selection pressure (Daglish et al., 2014). 
Jagadeesan et al. (2012, 2013) employed both phenotype and genotype approaches to 
analyze fitness cost in resistant insects of T. castaneum and found a strong fitness cost 
associated with tc_rph2 but selective advantage for tc_rph1. In contrast, a fitness cost was 
not observed for a resistance allele of rph2 in the absence of phosphine exposure in R. 
dominica (Collins et al., 2001, Schlipalius et al., 2008). Although they did not evaluate 
directly mortality of resistant individuals over generations, other studies tested respiration, 
developmental and population growth rates to analyze fitness of resistant phenotypes 
compared with susceptible strains in R. dominica, T. castaneum and Oryzaephilus 
surinamensis (Pimentel et al., 2007, Sousa et al., 2009). These studies indicated that a 
higher level of resistance to phosphine was accompanied by lower rates of development 
and respiration. This is consistent with resistance being associated with DLD, a key 
enzyme of energy metabolism, which suggests that resistance would likely be associated 
with a strong fitness cost. The presence of fitness costs associated with resistance 
dictates that the frequency of the resistance allele will decrease in a mixed population in 
the absence of selection. Based on this principle, management techniques such as 
rotation of chemicals may be effective at managing resistance (Tabashnik, 1990). Effective 
resistance management strategies will benefit from regular monitoring. Our present study 
has contributed towards the development of molecular markers for strong resistance to 
phosphine in S. oryzae so that reliable assessments of resistance can be performed 
rapidly on insects collected from field populations.  
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Table 4.1. Probit analysis of the international strains and the Australian strongly 
resistant strain with their F1 progenies exposed to phosphine for 48 hours. 
 
n: number insects tested, SE: standard error, 95% FL: 95% fiducial limits, LC50: Lethal concentration at 50% 
mortality, LC99.9: Lethal concentration at 99.9% mortality, df: degree of freedom, P: probability value, Rf: 
resistance factor, 95% CI: 95% confident interval, * Significance at P<0.05, ** Significance at P<0.01, *** 
Significance at P<0.001. F1A is progenies of cross SRVN/SRCN (♀) x SRAus (♂); F1B is progenies of cross SRAus 
(♀) x SRVN /SRCN (♂) 
Strain 
or cross 
n 
(number) 
Slope±SE LC50 (mg.L
-1
) 
(95%FL) 
LC99.9 
(mg.L
-1
) 
df Modified 
χ2 
P Rf (95%CI) 
at LC50 
 Cross of SRVN1 x  SRAus 
SRVN1 2827 2.69 ± 0.22 0.286 (0.254 - 0.318) 4.024 5 3.746 0.587 - 
F1A 1589 3.06 ± 0.38 0.272 (0.223 - 0.314) 2.781 4 3.342 0.502 0.95 (0.80 - 1.14) 
F1B 1664 3.02 ± 0.36 0.297 (0.248 - 0.340) 3.123 4 3.629 0.459 1.04 (0.87 - 1.23) 
F1 
pooled 
3253 3.03 ± 0.26 0.284 (0.254 - 0.312) 2.972 4 7.032 0.134 0.99 (0.86 - 1.15) 
SRAus 3007 4.08 ± 0.30 0.292 (0.268 - 0.317) 1.672 5 3.036 0.694 1.02 (0.90 - 1.17) 
 Cross of SRVN2 x  SRAus 
SRVN2 2706 3.49 ± 0.22 0.198 (0.182 - 0.215) 1.522 5 9.400 0.094 - 
F1A 1794 3.04 ± 0.29 0.217 (0.188 - 0.243) 2.256 4 6.598 0.159 1.09 (0.95 - 1.25) 
F1B 1802 2.98 ± 0.34 0.215 (0.179 - 0.247) 2.339 4 5.189 0.268 1.08 (0.92 - 1.27) 
F1 
pooled 
3596 3.01 ± 0.21 0.216 (0.196 - 0.234) 2.297 4 9.167 0.057 1.09 (0.97 - 1.22) 
SRAus 3007 4.08 ± 0.30 0.292 (0.268 - 0.317) 1.672 5 3.036 0.694 1.47 (1.32 - 1.65) 
 Cross of SRCN x SRAus 
SRAus 3007 4.08 ± 0.30 0.292 (0.268 - 0.317) 1.672 5 3.036 0.694 - 
F1A 2407 3.97 ± 0.39 0.299 (0.260 - 0.338) 1.795 6 9.565 0.144 1.02 (0.89 - 1.18) 
F1B 2412 4.10 ± 0.32 0.333 (0.299 - 0.368) 1.89 6 7.632 0.266 1.14 (1.00 - 1.29) 
F1 
pooled 
4819 4.02 ± 0.25 0.316 (0.291 - 0.341) 1.853 6 16.273 0.012* 1.08 (0.97 - 1.21) 
SRCN 3851 3.67 ± 0.26 0.361 (0.327 - 0.395) 2.506 7 10.562 0.159 1.23 (1.10 - 1.39) 
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Table 4.2. Single nucleotide polymorphisms (SNPs) in the DLD coding sequence of 
resistant strains compared to the susceptible reference strain of S. oryzae. 
 
Strains 
Position 
a 
75 156 744 828 834 846 870 885 1047 1083 1203 1299 1320 1347 1353 1459 1514 
S-strain C G C T A T A C C C A C A C T C A 
WR C A C T A T A C C C A C G A C T A 
SRAus T A A A T G G A 
b
 T C G C G A C T C 
b
 
SRCN C A A A T G G C C T A T G C C C C 
b
 
SRVN1 C A A A T G G C C C A C G C C C C 
b
 
SRVN2 C G A/C T T T G C C C A C A/G C C/T C C 
b
 
SNPs are highlighted in grey; 
a 
positions are numbered from the start of the open reading frame of the DLD 
coding sequence; 
b 
SNP causes amino acid change discussed in text. 
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Table 4.3. Fitness cost, in the absence of phosphine, associated with the So_rph2 
resistance allele in the progeny of two crosses, S-strain x SRAus and WR x SRAus. 
Generations 
No. 
tested 
insects 
No. of each 
Genotype 
Allelic frequency P (df=1) 
S/S S/R R/R p (S) q (R) 
a
Allele 
b
Genotype 
WR x SRAus cross 
F2 95 28 46 22 0.54 0.47 - 0.701 
F10 96 36 46 14 0.61 0.39 
*
0.021 0.911 
F16 96 50 42 4 0.74 0.26 
***
8.59E-09 0.183 
S-strain x SRAus cross 
F2 92 17 49 26 0.45 0.55 - 0.469 
F10 96 22 52 22 0.50 0.50 0.173 0.414 
F18 96 33 47 16 0.59 0.41 
***
0.00013 0.915 
 
P: probability value, df: degree of freedom.
 
* Significance (P < 0.05), ** Significance (P < 0.01), *** 
Significance (P < 0.001). 
 a: P value for change in allele frequency was calculated as deviation of the number of copies of each allele 
in the F10, F16 or F18 generations relative to the allele number in the F2 generation, df=number of alleles - 1.  
b: P value to evaluate Hardy-Weinberg equilibrium was calculated as deviation of the observed genotype 
frequency from that predicted if the genotypes were in Hardy-Weinberg equilibrium (p
2
 S/S: 2pq S/R: q
2
 R/R), 
df =number of genotypes - number of alleles. 
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Figure 4.1. Mortality response of parental (P0) strains (SRAus, SRVN1) as well as their 
F1 and F2 generations after exposure to phosphine for 48 h without food at 25
0C, 
60% RH. The expected response lines of the P0 and F1 were drawn using a probit linear 
model           in which         are the slope and intercept, respectively. x is the 
log-transformed dose. y is the percent mortality. The observed mortality of parents and the 
F1, F2 generations are also displayed. 
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Figure 4.2. Mortality response of parental (P0) strains (SRAus, SRVN2) as well as their 
F1 and F2 generations after exposure to phosphine for 48 h without food at 25
0C, 
60% RH. The expected response lines of the P0 and F1 were drawn using a probit linear 
model          in which        are the slope and intercept, respectively. x is the 
log-transformed dose. y is the percent mortality. The observed mortality of parents and the 
F1, F2 generations are also displayed. 
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Figure 4.3. Mortality response of parental (P0) strains (SRAus, SRCN) as well as their 
F1 and F2 generations after exposure to phosphine for 48 h without food at 25
0C, 
60% RH. The expected response lines of the P0 and F1 were drawn using a probit linear 
model          in which        are the slope and intercept, respectively. x is the 
log-transformed dose. y is the percent mortality. The observed mortality of parents and the 
F1, F2 generations are also displayed. 
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R. dominica           ---------- EDVKNPEKKE DLECDVLLVC VGRRPYTENL GLEEMGIERD 330 
S. oryzae S-strain  ---------- QDVKDSSKTD ELECEVLLVC VGRRPYTENL GLEEMGIERD 329 
S. oryzae WR        ---------- QDVKDSSKTD ELECEVLLVC VGRRPYTENL GLEEMGIERD 329 
S. oryzae SRAus     ---------- QDVKDRSKTD ELECEVLLVC VGRRPYTENL GLEEMGIERD 329 
S. oryzae SRCN      ---------- QDVKDSSKTD ELECEVLLVC VGRRPYTENL GLEEMGIERD 329 
S. oryzae SRVN1     ---------- QDVKDSSKTD ELECEVLLVC VGRRPYTENL GLEEMGIERD 329 
S. oryzae SRVN2     ---------- QDVKDSSKTD ELECEVLLVC VGRRPYTENL GLEEMGIERD 329 
 
R. dominica           ---------- QEYGASSEDV ARVCHAHPTC SEALREANLA AYFGKPINF* 508 
S. oryzae S-strain ---------- QEYGASSEDV ARVCHAHPTC AEALREANVS AAFGKPINF* 507 
S. oryzae WR        ---------- QEYGASSEDV ARVCHAHPTC AEALREANVS AAFGKPINF* 507 
S. oryzae SRAus     ---------- QEYGASSEDV ARVCHAHPTC AEALREANVS AAFGKPITF* 507 
S. oryzae SRCN      ---------- QEYGASSEDV ARVCHAHPTC AEALREANVS AAFGKPITF* 507 
S. oryzae SRVN1     ---------- QEYGASSEDV ARVCHAHPTC AEALREANVS AAFGKPITF* 507 
S. oryzae SRVN2     ---------- QEYGASSEDV ARVCHAHPTC AEALREANVS AAFGKPITF* 507 
 
Figure 4.4. Alignment of a portion of DLD protein of all S. oryzae strains and 
susceptible R. dominica strain. The putative resistance variant occurs at position 506 of 
the R. dominica sequence (505 in S. oryzae). All insects that have no DLD resistance 
variant have an N amino acid at this position, whereas strongly resistant individuals all 
have a T at the corresponding position. In contrast, a variant at position 295 in S.oryzae is 
unlikely to be associated with resistance. 
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Supplementary information 
 
S1 Figure. The figure displays the resistance level of each of the parental strongly 
resistant strains used in this study. In addition, reference lines are included to represent 
the susceptible and weakly resistant S. oryzae strains. This figure is to be used as a 
reference for the interpretation of figures 4.1, 4.2 and 4.3. The progeny in those figures all 
fall within the range of resistance of the strongly resistant parental strains, indicating that 
all strains share the same major resistance genes. If that was not the case, the progeny 
should have a resistance profile similar to that of the weakly resistant or susceptible 
strains. 
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S5 Table. The numbers of contigs constructed from S-strain and their length. 
 
 
 
 
 
 
 
 
 
 
N25, N50, N75 refer to the length of the sequence fragment in nucleotides at which 25%, 50%, 75% of the 
transcriptome has been covered if fragments are analysed in descending order. 
Number of contigs 28,439 
N75  915 
N50  1918  
N25 3,413  
Minimum contig length (bp) 200  
Maximum contig length (bp) 18,942 
Average contig length (bp) 1116  
Total length (bp) 31,743,981 
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Abstract 
One of the loci responsible for strong phosphine resistance encodes 
dihydrolipoamide dehydrogenase (DLD). The strong co-incidence of enzyme complexes 
that contain DLD, and enzymes that require thiamine as a cofactor, motivated us to test 
the hypothesis that the thiamine deficiency of polished white rice could influence the 
efficacy of phosphine fumigation against insect pests of stored grain. The susceptible and 
phosphine resistant strains of Sitophilus oryzae were cultured on white rice (thiamine 
deficient) or whole grain (thiamine containing). As thiamine is an essential nutrient, we 
firstly evaluated the effect of white rice on growth and fecundity of insects. Developmental 
rate and fecundity were both detrimentally affected by this diet. Development to adulthood 
took 40 ±2 days on brown rice, but 52 ±2 on white rice. The number of offspring was 
reduced from 10±4 per female over three days of egg laying on brown rice to 2 ±1 on white 
rice. The susceptible strain exhibited a modest increase in tolerance to phosphine on white 
rice as expected if thiamine deficiency could mimic the effect of the dld resistance mutation 
at the rph2 locus. The strongly resistant strain did not respond to thiamine deficiency, but 
this was expected as these insects are already strongly resistant. We did not, however, 
observe the expected synergistic increase in resistance due to combining thiamine 
deficiency with the weakly resistant strain. Growth and reproduction on wheat was similar 
to that on brown rice except that the strongly resistant strain showed a tendency toward 
reduced fecundity on wheat. The lack of interaction between thiamine content of the diet 
and either resistance genotype or response to phosphine suggests that either resistance 
does not occur at the level of the enzyme complexes or that the resistance mechanism of 
DLD cannot be replicated by depletion of thiamine, an E1 subunit cofactor. 
Key words: thiamine deficiency, dihydrolipoamide dehydrogenase, rph2, phosphine, 
fumigation, Rhyzopertha dominica, Tribolium castaneum. 
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1. Introduction 
The fumigant phosphine is the major disinfestant used world widely for the control 
of the rice weevil, Sitophilus oryzae, and other insect pests of stored grain. This fumigant 
is extremely important in world trade and food security as no practical substitute is 
available for general use. Strong resistance to phosphine is now widespread, with strong 
resistance in S. oryzae reported in China (337x) (Zeng, 1998), India (425x) (Rajendran, 
1998), Brazil (73x) (Athié et al., 1998), all determined at 20 h exposure and in Australia 
(52x) after a 48 h exposure (Nguyen et al., 2015). Weak phosphine resistance in S. oryzae 
is monogenic, whereas strong resistance is the product of at least two major genes. In 
both cases, resistance is incompletely recessive and autosomally encoded (Li and Li, 
1994, Daglish et al., 2014, Nguyen et al., 2015). The gene responsible for weak 
resistance, So_rph1, in combination with resistance alleles at an additional locus, So_rph2 
results in the strong resistance phenotype (Nguyen et al., 2015).  
The So_rph2 gene codes for the enzyme dihydrolipoamide dehydrogenase (DLD) 
(Nguyen et al., 2016). The strong phosphine resistance phenotype is conferred by point 
mutations in this enzyme in three insect pests of stored grain: Rhyzopertha dominica, 
Tribolium castaneum (Schlipalius et al., 2012) and S. oryzae (Nguyen et al., 2016). DLD is 
referred to as the E3 subunit of three different mitochondrial α-ketoacid dehydrogenase 
enzyme complexes. The only other role of DLD is in the glycine cleavage system (Johnson 
et al., 1997). Each of the three α-ketoacid dehydrogenase complexes depends on 
thiamine pyrophosphate (TPP) as an essential cofactor of their respective E1 subunits. 
TPP is a cofactor to only three other enzymes in most animals, including insects. The 
degree of overlap between the utilisation of DLD and TPP in cellular biochemistry 
suggests the possibility that changes to DLD might be mimicked by changes to thiamine. 
Suppression of the dld-1 gene (DLD) in wild type individuals of the nematode, 
Caenorhabditis elegans, results in resistance to phosphine (Schlipalius et al., 2012). This 
suggests the hypothesis that suppression of other subunits within α - ketoacid 
dehydrogenase complexes (e.g. the E1 subunit) may also induce resistance to phosphine. 
As the E1 subunit is TPP-dependent and animals are unable to synthesize thiamine, they 
must take up thiamine from their diet (Pauling, 1970). As a result, thiamine deficiency 
should inhibit the activity of the α - ketoacid dehydrogenases. Thiamine is found primarily 
in the aleurone layer and germ of whole grain, which is lost from white rice as a result of 
the milling process (Lyman et al., 1952). Therefore, insects cultured on white rice will be 
exposed to a thiamine deficient diet.   
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The aim of this study was to test the hypothesis that a thiamine deficient diet will 
suppress the activity of the α-ketoacid dehydrogenase complexes, thereby increasing 
tolerance to phosphine. Furthermore, we wished to determine whether this tolerance 
would respond to the known resistance factors as expected of a phenocopy of a dld gene 
mutation. In conjunction, we sought to determine whether thiamine deficiency would affect 
the rate of development and fecundity of S. oryzae.   
2. Materials and Methods 
2.1 Insect strains 
This study used three S. oryzae strains collected in Australia that have been 
previously characterized according to their phosphine resistance genotypes (Daglish et al., 
2014, Nguyen et al., 2015). A susceptible strain, the S-strain (LS2), collected in 1965 from 
Brisbane, Queensland; a weakly resistant strain, called the WR-strain (QSO335), also 
collected in Queensland from a central storage in Millmerran in 1990; and a strongly 
resistant strain, the SR-strain (NNSO7525), which was sampled from Widgelli, New South 
Wales in 2009. Strains were maintained on whole, certified organic wheat (12% moisture 
content – m.c) at 25ºC and 55% relative humidity (r.h) from the time of collection to the 
start of the experiment. Beetles reared on wheat during the experiment were cultured as 
above. 
2.2 Culturing on rice diets 
  Two types of organic, insecticide-residue free rice was used in this experiment: 
white rice that had been subjected to milling to remove the embryo and bran (pericarp plus 
aleurone) and brown rice from which the bran and embryo had not been removed.  
 To measure fecundity, development and response to phosphine, 100 adults of each 
strain were cultured on 150 g of brown rice and separately on 150 g of white rice (both at 
14% m.c). The cultures were incubated at 25ºC and 55% r.h. After three weeks of 
oviposition, adults were removed and the rice was incubated until the next generation had 
emerged. Two week old offspring (approximately 100 individuals) were then transferred to 
fresh grain of the respective type and incubated for three weeks to produce the next 
generation. This process was carried out over five generations before starting the 
experiment.  
2.3 Insect response to phosphine 
Phosphine gas (PH3) was generated in a Valmas chamber from aluminium 
phosphide tablets (Fumitoxin®) submerged in 5% sulfuric acid (Valmas and Ebert, 2006). 
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Purity of phosphine was determined by a Clarus® 580 gas chromatograph (Perkin Elmer, 
Waltham, MA) using a thermal conductivity detector with nitrogen as the standard (Winks 
and Waterford, 1986). Mortality response to phosphine of the tested strains was measured 
against a range of phosphine concentrations i.e. 0.002 - 0.03 mg L-1 for the S-strain, 0.01 - 
0.15 mg L-1 for the WR-strain and 0.15 - 1.0 mg L-1 for the SR-strain. Fumigation was 
undertaken by placing three batches of 50 adult beetles (3 weeks old) in a 30 - ml 
ventilated plastic cup without food inside the gas-tight desiccators and injecting phosphine 
through a rubber septum in the lid using a gas-tight syringe.  Control (non-fumigated) and 
phosphine treatments were kept at 25ºC, 60% r.h for 48 h. After fumigation, insects were 
fed with the same type of grain on which they had been cultured and were left to recover at 
25ºC, 55% r.h. Mortality was assessed after seven days to allow complete recovery. 
Phosphine fumigations were replicated three separate times.  
2.4 Developmental time and fecundity assay 
For each strain, two week old adults (30 individuals) were placed in small glass jars 
containing one of 50 g of brown rice, white rice or whole wheat at 25ºC and 55% r.h. 
These insects were removed after three days of egg laying and their sex was determined 
according to Halstead (1963) to count the number of females. Adult emergence was 
recorded every day at four weeks after setting up the experiment by counting the emergent 
adults and immediately removing them from the glass jar until no further insects emerged. 
Developmental time was calculated by averaging the time to eclosion across all offspring 
in each treatment. Fecundity was calculated as the total number of offspring produced per 
female from the 3 day period of egg laying. Three replications of the experiment were 
undertaken separately at one month interval. 
2.5 Data analysis 
2.5.1 Analysis of insect mortality in response to phosphine 
Mortality data were adjusted using Abbott’s formula to correct for control mortality 
(Abbott, 1925) prior to probit analysis. The analysis was performed using GenStat (2015). 
In this GenStat package, the fiducial limits for LC50 and LC99.9 are estimated using Fieller’s 
theorem, which has been shown to provide better accuracy than the approximation based 
on the Delta method (Sitter and Wu, 1993, Hirschberg and Lye, 2010). The resistance 
factor was calculated by dividing the LC50 of the resistant strain (WR-strain or SR-strain) 
by the LC50 value of the susceptible strain (S-strain) cultured on the same diet. 
Simultaneously, ratio of LC50s or LC99.9s between diets of the same strain and 95% 
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confidence intervals were also determined via the method described by Robertson and 
Preisler (1992). If the 95% lower and upper intervals of the resistance ratio included the 
value 1, the LC50 or LC99.9 values between treatments were considered to be equivalent.  
2.5.2 Analysis of developmental time and fecundity 
The analysis of variance of two factors (two-way ANOVA) was used to evaluate the 
significance of diets, strains and interaction between diet and strain on developmental time 
and fecundity. Differences in development and fecundity of each strain due to their 
respective diets or of all strains on a single diet were tested by one way ANOVA. The 
analysis of variance (ANOVA) was performed using GenStat statistical package version 16 
(GenStat, 2015). When statistical analysis revealed significant differences, comparisons of 
each pair were conducted by a post hoc multiple pair-wise comparison method using 
Fisher’s Least Significant Difference (LSD) test. If the absolute value of the deviation 
between two means was ≥ LSD, then the means were significantly different at α=0.05.  
3. Results 
3.1 Effect of diet on rate of development 
We first wished to see whether the nutritional deficiency of white rice would result in 
a measurable phenotype. As α-ketoacid dehydrogenases are core participants in energy 
metabolism, we reasoned that a deficiency of thiamine would inhibit these enzymes and 
have a significant effect on the growth of S. oryzae. The strains themselves did not differ in 
their development (F2 = 0.02, P = 0.98) and neither was there an effect due to interaction 
between strain and diet (F4 = 1.98, P = 0.14). Diet alone, however, was responsible for a 
significant decrease in the rate of development of this species (F2 = 93.76, P <0.001). The 
times required to reach adulthood of each of the three strains were statistically 
indistinguishable on each of the three diets (F2 = 3.9, P = 0.082 for wheat, F2 = 1.57, P = 
0.283 for brown rice, F2 = 0.42, P = 0.677 for white rice). This result indicates that different 
phosphine resistant phenotypes do not influence the rate of development of S. oryzae. All 
strains, regardless of phosphine susceptibility took longer to develop when cultured on 
white rice relative to either brown rice or wheat. The average time required for each of the 
three strains of S. oryzae to reach adulthood ranged from 50.3 (±1.8) to 51.7 (±2.2) days 
on white rice 40.2 (±2.2) to 42.7 (±1.1) days on brown rice and 41.3 (±0.4) to 43.5 (±1.6) 
days on wheat (Fig. 5.1). Fisher’s LSD test showed that the differences in development 
between white rice and the other diets were significant, but there were no significant 
differences between development on brown rice and on wheat (Fig. 5.1). Thus, a white 
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rice diet has a profound effect on development of S. oryzae, resulting in up to a 12 day 
delay in the time required to develop from egg to adult.  
3.2 Effect of diet on fecundity  
Analysis of variance across diet and strain indicated that, as with developmental 
time, the fecundity of S. oryzae was not affected by strain (F2 = 2.65, P = 0.098) or strain 
interaction with diet (F4 = 1.2, P = 0.344) but was strongly influenced by diet alone (F2 = 
19.23, P <0.001). A closer look at the data revealed that there was indeed no significant 
difference between strains in the number of progeny produced over three days per female 
when fed on brown rice (F2 = 0.52, P = 0.617) or white rice (F2 = 0.49, P = 0.637). On 
wheat, however, while the number of offspring per female was the same for the S-strain 
and WR-strain (7.6 [±0.46], 7.8 [±1.64], respectively) the number was significantly lower for 
the SR-strain (3.47 [±2.06]) (Fig. 5.2). Overall, the number of progeny produced was 
highest on brown rice (8.09 [±3.35] for the S-strain, 10.3 [±3.63] for the WR-strain and 7.74 
[±3.13] for the SR-strain). In contrast, the white rice diet resulted in the smallest number of 
progeny,  (2.06 [±0.92] for the S-strain, 2.63 [±0.78] for the WR-strain and 2.47 [±0.36] for 
SR-strain) (Fig. 5.2).  
Pair-wise diet comparison within strains also revealed significant differences in 
fecundity (based on LSD) between brown rice and white rice. For the S-strain and the WR-
strain, the numbers of progeny per female were not statistically different between wheat 
and brown rice, but there was significant difference between wheat and white rice (Fig. 
5.2). For SR-strain, fecundity on wheat was not significantly different to that on either 
brown rice or white rice (Fig. 5.2). Overall, the white rice diet caused a significant decrease 
in reproduction of S. oryzae. 
3.3 Response to phosphine of each strain cultured on different diets 
The hypothesis that we wished to test was that a thiamine deficient diet would lead 
to inhibition of the α-ketoacid dehydrogenase complexes and that this would result in 
increased tolerance to phosphine, similar to the observed effect of mutation or suppression 
of the phosphine resistance (dld) gene (Schlipalius et al., 2012). Specifically, weak 
resistance in the susceptible genetic background, a synergistic interaction in the weak 
resistance background giving rise to strong resistance and no increase in resistance in the 
already strong resistance background.  
The calculated LC50 and LC99.9 values and their ratios for each strain cultured on 
white rice, brown rice or wheat are shown in Table 5.1. The LC50 value of the S-strain 
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cultured on white rice was higher than that from insects of the same strain fed on brown 
rice, with an LC50 ratio of 1.28 and a 95% confidence interval of 1.14 – 1.44, which does 
not include the value 1, indicating that the low thiamine diet is associated with a significant 
increase in tolerance to phosphine.  For the WR-Strain, LC50 values obtained from insects 
feeding on either white rice or brown rice were indistiguishable, 0.027 and 0.026 mg L
-1. 
The ratio was 1.04 with a 95% confidence interval of 0.94-1.15. For SR-strain, there were 
no significant differences between the LC50 or LC99.9 values between insects fed either 
white or brown rice. These probit data were obviously displayed on response lines of 
strains on each rice diet as shown by Figure 5.3. The responses of S-strain reared on 
white and brown rice differed considerably (Fig. 5.3A), while the responses of the WR-
strain and the SR-strain were indistinguishable (Figs. 5.3B & 5.3C). The response to 
phosphine of the SR-strain did not differ significantly between whole wheat and rice diets, 
whereas this response did differ for both the S-strain and the WR-strain between wheat 
and rice diets.  
  In summary, tolerance of the S-strain to phosphine increased in response to the 
nutritionally deficient diet of white rice. This effect was minor as it did not result in a 
phenotypic response to phosphine similar to the magnitude observed in genetically 
resistant strains. Furthermore, there was no synergistic effect between the thiamine 
deficient diet and the weak resistance allele. There was no dietary difference in the 
response to phosphine in the SR-strain, but none was anticipated. 
4. Discussion 
There are three α - ketoacid dehydrogenase enzyme complexes: pyruvate 
dehydrogenase that links glycolysis to the TCA cycle, α-ketoglutarate dehydrogenase that 
participates in the TCA cycle and the branched-chain keto acid dehydrogenase that 
participates in the catabolism of branched chain amino acids. These complexes have a 
similar composition, consisting of three subunits E1, E2 and E3 (Mathews and VanHolde, 
1996). DLD is the same in each of the three complexes. The other subunits differ, though 
they carry out the same enzymatic activity on different substrates. Specific mutations in the 
gene encoding DLD (E3 subunit) result in resistance to phosphine in insect pests of stored 
grain as well as in C. elegans (Schlipalius et al., 2012). Thiamine, in its 
pyrophosphorylated form, TPP, is an essential cofactor of the E1 subunit of the α - 
ketoacid dehydrogenases. It is a cofactor in only three other enzymes in animals. As a 
result, a major effect of thiamine deficiency is predicted to be a decrease in α - ketoacid 
dehydrogenase activity. Suppression of dld-1 gene expression in C. elegans results in 
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resistance to phosphine. We hypothesised that thiamine deficiency would cause a 
decrease in α - ketoacid dehydrogenase activity, resulting in resistance to phosphine. 
Several specific and testable predictions emanate from the hypothesis. If true, 
thiamine deficiency in susceptible insects should result in weak resistance. Furthermore, 
thiamine deficiency in weakly resistant insects that are homozygous for a resistance allele 
at the So_rph1 locus may be analogous to insects that are strongly resistant due to a 
synergistic interaction between the So_rph1 and the dld genes when they are each 
homozygous for resistance alleles. Thus, thiamine deficiency in weakly resistant insects 
should result in a strong resistance phenotype. Finally, thiamine deficiency should have 
little effect on strongly resistant insects, as they are already homozygous for resistance 
alleles at not only So_rph1, but also the dld gene, which ought to render the effect of 
thiamine deficiency redundant.  
Polished white rice lacks both germ and bran. As these are the two thiamine rich 
fractions of the grain, we were interested in determining whether the thiamine deficient diet 
of insects feeding on white rice would result in tolerance toward phosphine. Furthermore, 
we wished to determine whether the diet would act synergistically with insects of the 
weakly resistant (So_rph1) genotype, resulting in a strong resistance phenotype.  
Before looking for the changes in response to phosphine of each strain as put 
forward in the hypothesis, we determined whether the nutrient deficiency of the white rice 
diet was sufficient to detrimentally affect the growth and reproduction of each insect strain. 
The growth rates of the three strains were indistinguishable from each other on each of the 
three diets. The white rice did, however, retard growth by approximately 20%, but the 
retardation was the same in each of the three strains.  
The fecundity of the S-strain and WR-strain were similar to each other on either 
whole grain or the nutrient deficient polished rice. The number of progeny produced by the 
SR-strain was unusual when cultured on wheat, as the number of progeny was only about 
half that produced by the other two strains on wheat. When cultured on rice, however, the 
fecundity did not differ between the strains. Our results were similar to those of a study on 
the effect of phosphine resistance genotypes on walking and flying initiation in R. dominica 
(Kaur et al., 2013b), in which no genotypic influence was apparent. Despite insect mobility, 
development and oviposition being energy demanding activities, the only effect of 
resistance loci on those activities across the two studies was reduced fecundity of strongly 
resistant S. oryzae fed on wheat. Recently, we observed a fitness cost associated with the 
resistance allele So_dld in S. oryzae grown on wheat (Nguyen et al., 2016). The reduction 
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of fecundity of the SR-strain fed on wheat in the present study may be the basis of the 
observed fitness cost. Interestingly, our results suggest that fitness cost may be diet-
specific, indicating that the commodity that is being stored may significantly influence the 
persistence of resistance genotypes under commercial conditions. It will be interesting to 
replicate the fitness experiment using diets of either white or brown rice. 
Our comparison of developmental time and productivity of S. oryzae on three 
grains: white rice, brown rice and wheat showed that a white rice diet delayed 
development and reduced the number of progeny of all strains regardless of the phosphine 
resistance genotype. Our result is similar to previous results based on non-phosphine 
resistant insects (McGaughey, 1974, Singh, 1981, Haryadi and Fleurat-Lessard, 1994). 
Ryoo and Cho (1992) pointed out that S. oryzae preferred brown rice over white rice for 
feeding and laying eggs and notably oviposition preference was stronger than feeding 
preference. Thus, S. oryzae could feed on any grain that provided nutrition for its activity. 
For oviposition, it selected a grain that was more likely to enhance progeny survival. White 
rice, having lost a coating layer through milling, is softer than brown rice and therefore may 
not provide the chemical or textural ovipositional cues that brown rice does.  A study on 
the effect of vitamin deficient diets on development and fecundity of T. castaneum showed 
that thiamine deficiency slowed development time of immature stages and increased 
mortality of larvae but did not affect fecundity or fertility (Applebaum and Lubin, 1967). This 
finding suggests that thiamine deficiency is responsible for the delayed development of S. 
oryzae when grown on white rice.  
The results of exposure to phosphine showed that while the white rice diet 
significantly increased the phosphine tolerance of the S-strain, the effect was small relative 
to the genetically conferred weak resistance phenotype. We observed absolutely no 
synergistic interaction between genetic weak resistance at the So_rph-1 locus of the WR-
strain and thiamine deficiency. Resistance of the SR-strain did not change with diet.  
Based on these observations, the thiamine deficient diet does not interact with the 
resistance genotypes to change the resistance phenotype. In particular it does not act 
synergistically with the weak resistance phenotype to cause an economically significant 
shift in the magnitude of resistance. 
In conclusion, it seems that inhibition of the α-ketoacid dehydrogenase complexes 
differs depending on the means of inhibition, which may relate to the specific subunit that 
is targeted within the complexes. This conclusion, however, must be tempered by the fact 
that both DLD and thiamine interact with a small number of proteins other than the α-keto 
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acid dehydrogenases that may have confounding effects. Regardless, the thiamine 
deficient diet neither induces nor exacerbates resistance to phosphine in insects. Our 
study confirms the negative effect of polished rice on rate of development and fecundity of 
both the sensitive and phosphine resistant S. oryzae, which likely facilitates pest 
management. We also observe a commodity-specific interaction between resistance 
genotype and reproductive fitness, which may facilitate management of phosphine 
resistant insect strains. 
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Table 5.1. Probit analysis of responses to phosphine of susceptible (S-strain), weak-resistant (WR-strain) and strong resistant 
(SR-strain) of Sitophilus oryzae cultured on different diets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SE: Standard error; 95% FL: 95% Fiducial limit; 95% CI: 95% Confident interval; LC50: Lethal concentration at 50% mortality; LC99.9: Lethal concentration at 99.9% 
mortality; *: Significant difference; Rf: resistance factor which is ratio of LC50 between the named strain  and the susceptible strain (S-strain) on the same diet.
Diet Slope ±(SE) LC50 (mg L
-1
) (95%FL) LC50 ratio (95%CI) LC99.9 (mg L
-1
) (95%FL) LC99.9 ratio (95%CI) Rf at LC50 (95% CI) 
S-strain 
Brown rice 6.013 (0.78) 0.0043 (0.0038 - 0.0047) - 0.0142 (0.0112 - 0.0212) - - 
White rice 6.44 (0.748) 0.0056 (0.0051 - 0.0059) *1.28 (1.14 – 1.44) 0.0168 (0.0135 - 0.0239) 1.18 (0.81 – 1.73) - 
Wheat 4.809 (0.522) 0.0051 (0.0046 - 0.0055) *1.16 (1.02 – 1.33) 0.0222 (0.0169 - 0.0339) *1.57 (1.02 – 2.39) - 
WR-strain 
Brown rice 5.111 (0.210) 0.0255 (0.0243 - 0.0266) - 0.1025 (0.0932 - 0.1145) - 5.86 (5.25 – 6.53) 
White rice 4.47 (0.316) 0.0266 (0.0240 - 0.0291) 1.04 (0.94 – 1.15) 0.1306 (0.1076 - 0.1686) 1.27 (1.01 – 1.61) 4.78 (4.27 – 5.34) 
Wheat 5.042 (0.468) 0.0353 (0.0317 - 0.0386) *1.38 (1.25 – 1.53) 0.1446 (0.1165 - 0.1981) *1.41 (1.09 – 1.83) 7 (6.15 – 7.89) 
SR-strain 
Brown rice 5.980 (0.575) 0.2656 (0.2443 - 0.2880) - 0.873 (0.7093 - 1.185) - 61.07 (53.88 – 69.21) 
White rice 7.069 (0.591) 0.2917 (0.2737 - 0.3111) 1.10 (1.00 – 1.21) 0.7982 (0.6787 - 1.001) 0.91 (0.68 – 1.23) 52.44 (47.96 – 57.33) 
Wheat 5.175 (0.720) 0.2574 (0.2233 - 0.2926) 0.97 (0.84 – 1.12) 1.018 (0.7435 - 1.775) 1.17 (0.74 – 1.83) 50.85 (43.77 – 59.08) 
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Figure 5. 1. Comparison of developmental time in days from egg to adult of Sitophilus 
oryzae. Susceptible (S-strain), weakly resistant (WR-strain) and strongly resistant (SR-
strain) strains were cultured on white rice, brown rice and wheat. Each scale bar is a mean 
of three replications with standard error (SE) shown. Bars having the same letter were not 
significantly different between strains based on multiple pair-wise comparisons using 
Fisher’s LSD test.  
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Figure 5. 2. Fecundity of susceptible (S-strain), weakly resistant (WR-strain) and strongly 
resistant (SR-strain) strains of Sitophilus oryzae cultured on white rice, brown rice and 
wheat. Fecundity was calculated as the number of progeny divided by the number of 
females. Each scale bar is a mean of three replications and standard error (SE) is shown. 
Bars headed with the same letters indicate no significant difference between strains based 
on multiple pair-wise comparisons using Fisher’s LSD test. 
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Figure 5. 3. Response to phosphine of (A): susceptible (S-strain), (B): weakly resistant (WR-strain) and (C): strongly resistant (SR-strain) 
strains of Sitophilus oryzae cultured on white rice (red line), brown rice (green line) and wheat (black line). Mortality on a probit scale was 
plotted against the concentration of phosphine on a base 10 logarithmic scale. Response lines for each strain were drawn using an 
integral normal distribution. The statistical analysis is presented in table 5.1. 
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`CHAPTER 6. GENERAL DISCUSSION AND CONCLUSION  
Understanding of genetic mechanisms controlling phosphine resistance is essential 
for developing rational and sustainable resistance management strategies. Genetic 
analysis of  the main phosphine resistance mechanism in R. dominica (Collins et al., 2002) 
and T. castaneum (Jagadeesan et al., 2012) indicated a common mode of inheritance of 
phosphine resistance in these species. It is important to learn whether this mechanism of 
inheritance is conserved among other Coleopterous insects such as S. oryzae.   
6.1 The mode of inheritance of phosphine resistance in S. oryzae 
The first aim of this thesis was to characterize strong phosphine resistance in a 
strain of S. oryzae collected in New South Wales, Australia and to determine its mode of 
inheritance. Bioassay with phosphine showed the resistance level of this strain, measured 
at the LC50 for a 48 h exposure, to be 52 times greater than that of the fully susceptible 
strain. This resistance factor is relatively low compared with resistance shown by other 
strongly resistant stored product pests. For instance, resistance factors reported for R. 
dominica ranged from 100 to 600 times (Collins et al., 2002, Mau et al., 2012b), 94 times 
for T. castaneum (Jagadeesan et al., 2014) and 705 times for C. ferruginesis (Jagadeesan 
et al., 2015) under the same bioassay conditions and assessment method. My analysis of 
mode of inheritance indicated that strong resistance to phosphine in S. oryzae is 
incompletely recessive in expression, autosomally inherited and controlled by at least two 
major genes. In addition, I observed an interesting phenomenon, that is, the F1-BC is often 
more tolerant than the strongly resistant parent at high concentrations of phosphine. This 
effect is, however, unlikely due to the presence of a third resistance gene, but rather is 
likely the result of interactions between two different resistance alleles at one of the 
resistance loci.  
The inter-cross of the weakly resistant strain with the strongly resistant strain 
revealed that both phenotypes share a common gene causing weak resistance as 
previously identified by Daglish et al. (2014). As the properties of this gene are similar to a 
gene for weak resistance observed in R. dominica and T. castaneum, I named it: So_rph1 
(S. oryzae resistance to phosphine). An additional gene, itself also causing low level 
resistance, acts in combination with So_rph1 producing the strong resistance phenotype. 
The effect of these genes is synergistic, rather than additive, greatly enhancing the 
resistance level. This study provides evidence that the mode of inheritance of phosphine 
resistance in S. oryzae is very similar to that in other insect pests of stored grain: R. 
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dominica (Collins et al., 2002, Mau et al., 2012b, Mau et al., 2012a, Kaur et al., 2012), T. 
castaneum (Bengston et al., 1999, Jagadeesan et al., 2012) and C. ferrugineus 
(Jagadeesan et al., 2015).  
6.2 Complementarity of phosphine resistance genes in S. oryzae 
Once I had elucidated the genetic basis of strong resistance in an Australian strain 
of S. oryzae, I compared this strain with strongly resistant strains collected from Vietnam 
and China using complementation analysis.  My aim was to test whether mutations for 
phosphine resistance were in the same or different genes in strains of S. oryzae from 
diverse geographic origins. These strains had resistance levels similar to the Australian 
strain. My analyses revealed that resistance in the Vietnamese and Chinese strains was 
also autosomal with no maternal effect. The responses of the F1 and F2 generations from 
the reciprocal crosses between the international and Australian strains indicated that 
genes conferring strong resistance to phosphine in the Australian strain were also 
responsible for resistance in strains from Vietnam and China. Thus, the genetics of strong 
phosphine resistance in S. oryzae from different origins is shared regardless of strength of 
resistance. This finding is consistent with a study of phosphine resistance in R. dominica 
(Kaur, 2012) showing that the same genes control strong resistance in both a reference 
Australian strain and in Indian strains, although resistance in one Indian strain was 
stronger than the other strains by about 3 fold.  
6.3 Assembly of transcriptome sequence and linkage analysis of So_dld, a gene 
contributing to strong phosphine resistance in S. oryzae 
To identify exactly the molecular character of each gene causing phosphine 
resistance in S. oryzae, I sequenced the transcriptome from high-throughput illumina 
sequence data based on mRNA extracted from adults of susceptible, weakly resistant and 
strongly resistant strains. The second gene (rph2), which encodes the metabolic enzyme 
dihydrolipoamide dehydrogenase (DLD) (Schlipalius et al., 2012), was previously 
sequenced and functionally identified in two beetle species, R. dominica and T. 
castaneum. As the inheritance of phosphine resistance in S. oryzae is similar to that in 
three other species of stored product insect pests, and because DLD is also highly 
conserved in eukaryotes, I reasoned that the gene coding for DLD may be one of the 
genes causing strong resistance in S. oryzae. Using the previously identified DLD 
sequence of R. dominica deposited in Genbank (accession number: JX434596) as a 
guide, I assembled S. oryzae sequence from the susceptible strain that encompassed the 
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entire coding region of So_dld. The assembled So_dld transcript is 1956 bp in length with 
the coding sequence extending from 123 to 1640 bp, encoding a protein of 506 amino 
acids (Genbank accession: KT893322).  
Subsequently, I proved the tight linkage of So_dld to phosphine resistance using 
Single Nucleotide Polymorphism (SNP) frequency analysis. Single pair crosses were 
established between either the susceptible or weakly resistant strains with the strongly 
resistant strain. At the F6 generation, progeny were exposed to a high dose of phosphine 
such that only individuals that were homozygous for resistance alleles at both loci would 
survive. The average frequency of dld variants in the strongly resistant parent and selected 
progeny was greater than 99%, while the corresponding values in the susceptible, weakly 
resistant parent and unselected progeny were less than 64%. This showed clearly that the 
DLD enzyme variants causing strong resistance in the strongly resistant parent were 
inherited in the homozygous strongly resistant progeny, but absent in offspring without 
phosphine exposure. Thus I was able to conclude that point mutations in the gene coding 
for So_dld mediate strong resistance to phosphine in S. oryzae.  
6.4 Unique resistance variants of So_dld 
I further investigated the mutations occurring at So_dld. Firstly, I amplified So_dld 
from the cDNA of all strongly resistant strains from Vietnam and China, then I sequenced 
them using the Sanger sequencing technique. So_dld sequences of each resistant strain, 
including the Australian one, were aligned against that of the reference susceptible strain. 
Each strain was from a different geographic region and each had its own specific variants 
but very few SNPs caused amino acid changes in the encoded protein. These data 
confirmed the independent selection of the resistance alleles in each geographic site of 
origin and identified putative resistance variants.  
Interestingly, the comparison of So_dld translations between the strongly resistant 
strains and the susceptible strains revealed a common amino acid substitution, 
Asparagine>Threonine (N505T) that was found in each of the strongly resistant strains, 
but not in susceptible strains. The N505T variant corresponds to the N506H variant 
observed in strongly resistant R. dominica, with the substituted amino acid occurring near 
the active site disulfide bond of DLD (Schlipalius et al., 2012). Therefore, this 
polymorphism is likely linked to phosphine resistance in S. oryzae. I also observed another 
amino acid substitution Serine>Arginine (S295R) that was exclusive to the Australian 
strongly resistant strain. This variant, however, was located in an outer loop of the 
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enzyme, far from the four essential domains of DLD (Brautigam et al., 2005), hence it is 
unlikely that this variant is related to resistance.  
Studies on dld variants of both R. dominica and T. castaneum revealed an 
abundant Proline >Serine substitution, i.e., P49S and P45S, respectively, in strains from 
diverse geographic origins including India, Turkey, USA, Vietnam, Brazil and Australia 
(Schlipalius et al., 2012, Schlipalius et al., 2014, Koçak et al., 2015, Kaur et al., 2015, 
Chen et al., 2015). Furthermore, Kaur et al. (2015) did not observe this P>S variant in any 
dld sequences in phosphine-susceptible species of 64 arthropods and 605 non insect 
eukaryotes. It appears that the P>S mutation has arisen under strong selection from 
phosphine in these species. However, I did not find the same variant occurring in any 
strongly resistant S. oryzae strains.  
6.5 Fine-scale linkage mapping 
I developed a diagnostic marker for So-rph2 using the Cleaved Amplified 
Polymorphism Sequence (CAPS) method based on the specific cleavage of the restriction 
enzyme for the unique variant N505T, to validate the resistance linkage and to test for any 
fitness deficits associated with this gene. Another set of single pair crosses were initiated 
between susceptible x strongly resistant and weakly resistant x strongly resistant strains. 
Progeny (10,000 individuals) at the F16 generation (WR x SR) and the F18 generation (S x 
SR) were exposed to phosphine at a high concentration of 0.6 mg L-1 or 0.5 mg L-1, 
resulting in 95 and 52 survivors from the respective crosses. CAPS analysis showed that 
100% of homozygous survivors carried the resistance variant N505T. I calculated the 
recombination frequency between the mutation and the target gene to be less than 0.022 
cM, a distance likely to encompass 1-2 genes.  
6.6 Fitness cost associated with the So-rph2 resistance allele  
The CAPS method was also employed to investigate the persistence of the So_dld 
allele in the absence of phosphine selection. I tested 92-95 individuals picked at random 
from the F2, F10 and F16 or F18 of each of the two crosses described above. A fitness cost 
associated with So_rph2 was observed as a decrease in frequency of the resistance allele 
over generations as well as a decrease in the number of homozygous resistant individuals.  
While the frequency of the resistance allele decreased between generations, the 
frequency of genotypes at each generation was maintained at Hardy-Weinberg 
equilibrium. Thus, the effect of selection against the strong resistance allele is weak 
enough that it is not evident when assessing genotype segregation at each generation but 
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becomes apparent when compared over many generations. Selection against the strong 
resistance allele occurred more rapidly in progeny of the cross between the susceptible 
and strongly resistant strains than the other cross which may reflect strain differences or 
an interaction between alleles of the So_rph1 and So_rph2 genes.  
6.7 Phosphine resistance in S. oryzae is not affected by a thiamine deficient diet  
The aim of my final study was to investigate potential practical ramifications of the 
resistance mechanism and how it might affect management of S. oryzae. The DLD 
enzyme that is encoded by the rph2 resistance gene is one of 3 essential subunits (E1, E2 
and E3) (E3 is an alternative name for DLD), of three different α-ketoacid dehydrogenase 
enzyme complexes that are key players in aerobic energy metabolism. Therefore, I 
postulated that inhibition of any of the subunits in these complexes could induce resistance 
to phosphine in S. oryzae. Dietary thiamine is required for the production of thiamine 
pyrophosphate, which is an essential cofactor of the E1 subunit. Therefore, I hypothesised 
that it may be possible to suppress the E1 subunit by elimination of thiamine from the 
insect diet. This could potentially mimic resistance variants of DLD and induce phosphine 
resistance in susceptible insects. White rice, the predominant stored form of the 
commodity is deficient in thiamine, whereas this nutrient is present in brown rice. Thus, 
susceptible insects feeding on white rice might display weak resistance to phosphine. 
Likewise, if inhibition of E1 mimics resistance variants of DLD, there may be a synergistic 
interaction between resistance variants of rph1 and thiamine deficiency resulting in an 
increase in resistance of the weakly resistant strain to the level shown by strongly resistant 
insects. For the strongly resistant strain, carrying both resistance genes, the additional 
effect of suppression of E1 may not change its resistance level. My results showed that 
tolerance to phosphine in the susceptible strain indeed increased when insects were 
cultured on white rice compared with feeding on brown rice, but the resistance level was 
significantly less than that of the weak resistance strain. However, resistance to phosphine 
of the weakly resistant strain feeding on both types of rice were identical and so were the 
responses of the strongly resistant strain. Thus, the thiamine deficient diet of white rice did 
not result in a commercially significant increase in phosphine resistance in S. oryzae.  
6.8 Effect of diet and phosphine resistance phenotype on the rate of development 
and reproduction of S. oryzae 
At the same time, I also assessed the effect of a diet of white rice on developmental 
time and reproduction of phosphine resistant and susceptible S. oryzae. Although DLD is 
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an important enzyme in the production of energy in the mitochondria, strains with or 
without resistance variants expressed the same rate of development and fecundity when 
cultured on the same diet, except that, when grown on whole wheat, there was an 
apparent decrease in fecundity of the strongly resistant strain relative to the susceptible 
and weakly resistant strains. Thus the phosphine resistance character did not impact on 
development of the rice weevil but may have been responsible for the fitness costs on 
wheat, which was observed in the fitness analysis described in Chapter 4 of this thesis. My 
results suggest that the commodity in storage may significantly influence the persistence 
of resistance genotypes under commercial conditions. The life history traits of all strains 
were negatively affected by the white rice diet as shown by the reduced number of 
progeny per female and the increase in developmental time when feeding on this diet. 
These effects are consistent with studies of S. oryzae strains that had not been diagnosed 
to be phosphine resistant (McGaughey, 1974, Singh, 1981, Haryadi and Fleurat-Lessard, 
1994).  
Sequence and linkage analysis of the gene causing weak resistance in S. oryzae 
(So_rph1) have also been determined. These data will be reported in a future paper on 
which I will be a co-author.  
6.9 Conclusion 
My thesis focused on the elucidation of inheritance and identification of the genes 
conferring phosphine resistance in the rice weevil, S. oryzae. I determined that the 
genetics of phosphine resistance in this species is the same in all international strains of 
this species examined. Furthermore, my experiments revealed a fitness deficit associated 
with the resistance allele.  
Suppression of the activity of the E1 subunit of the enzyme complex containing DLD 
by depletion of an essential cofactor, did not mimic the consequence of DLD perturbation 
caused by a resistance allele. That is, phosphine resistance in S. oryzae was not 
significantly changed by a thiamine deficient diet aimed at suppressing activity of E1. 
However, this diet detrimentally affected development and reproduction of the susceptible 
and phosphine resistant strains. 
The findings from this project will broaden our knowledge of the genetic 
mechanisms of phosphine resistance in stored product pests and contribute to our 
understanding of the mode of action of phosphine. The ability to detect the frequency of 
resistance alleles is the most important initial step in monitoring and management of 
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phosphine resistance. The results on specific marker will contribute to the development of 
a reliable molecular kit that can be used to rapidly diagnose phosphine resistance in field 
samples of important species of pests of stored product.   
Summary of key findings: 
1. Strong resistance to phosphine in S. oryzae is incompletely recessive, autosomally 
inherited with no evidence of maternal effect. The gene causing weak resistance, 
So_rph1, in the weakly resistant strain, acts in synergy with a second gene, So_rph2, 
also expressing resistance at a low level, to produce the strong resistance phenotype. 
2. There is a high degree of similarity in the  genetic mechanism expressing strong 
resistance to phosphine between S. oryzae strains from Vietnam, China and Australia. 
3. The So_rph2 gene encodes the metabolic enzyme dihdrolipoamide dehydrogenase 
(DLD),  and this gene contributes to strong resistance in S. oryzae.  
4. There is a fitness cost associated with the strong resistance allele in S. oryzae but this 
cost is diet–specific 
5. Thiamine deficient diet did not increase resistance to phosphine in insects, but 
significantly increased the developmental time and reduced reproduction of S. oryzae 
regardless of resistance or susceptibility to phosphine. 
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LOCUS       KT893322      1956 bp   mRNA     linear   INV 19-JAN-2016 
DEFINITION  Sitophilus oryzae strain LS2 dihydrolipoamide dehydrogenase E3 subunit 
(dld) mRNA, complete cds. 
ACCESSION   KT893322 
VERSION     KT893322.1  GI:974031351 
KEYWORDS    . 
SOURCE      Sitophilus oryzae (rice weevil) 
ORGANISM  Sitophilus oryzae 
            Eukaryota; Metazoa; Ecdysozoa; Arthropoda; Hexapoda; Insecta; 
            Pterygota; Neoptera; Endopterygota; Coleoptera; Polyphaga; 
            Cucujiformia; Curculionidae; Dryophthorinae; Sitophilus. 
REFERENCE   1  (bases 1 to 1956) 
AUTHORS   Nguyen,T.T., Collins,P.J., Duong,T.M., Schlipalius,D.I. and Ebert,P.R. 
TITLE     Genetic conservation of Phosphine Resistance in the Rice Weevil Sitophilus 
oryzae (L.) 
JOURNAL   J. Hered. (2016) In press 
PUBMED   26774057 
REMARK   Publication Status: Available-Online prior to print 
REFERENCE   2  (bases 1 to 1956) 
AUTHORS   Ebert,P.R., Nguyen,T.T., Collins,P.J., Schlipalius,D.I. and Duong,T.M. 
TITLE     Direct Submission 
JOURNAL   Submitted (09-OCT-2015) School of Biological Sciences, University of 
Queensland, St Lucia, Queensland 4072, Australia 
COMMENT      ##Assembly-Data-START 
              ##Assembly Method: CLC Genomic Workbench v. 7.0.3 
              Sequencing technology : Illumina 
              ##Assembly-Data-END## 
FEATURES             Location/Qualifiers 
     source          1..1956 
                     /organism="Sitophilus oryzae" 
                     /mol_type="mRNA" 
                     /strain="LS2" 
                     /db xref="taxon: 7048" 
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                     /note="susceptible" 
     gene            1..1956 
                     /gene="dld" 
     CDS             123..1643 
                     /gene="dld" 
                     /codon_start=1 
                     /product="dihydrolipoamide dehydrogenase E3 subunit" 
                     /protein_id="ALY05704.1" 
                     /db_xref="GI:974031352" 
                     /translation="MQVQVWNTMANSLKPSALRLQKNVYASLLQRYYSSSNDADVVVI 
                     GSGPGGYVAAIKAAQLGLKTVCIEKNPTLGGTCLNVGCIPSKALLNNSHYYHMAHSGD 
                     LAKRGIESDNIRLNLDTLMQQKVNAVTALTGGIAQLFKKNKVDLIKGHGKITGVNQVT 
                     ALKEDGSSEVVNTKNILIATGSEVTPFPGIEIDEEQVVSSTGALSLKEVPKRLIVIGA 
                     GVIGVELGSVWSRLGSEVTAIEFLPSIGGVGIDQEVSKTLQKILTKQGLNFKLGTKVT 
                     GATKSGGVVRVSVQDVKDSSKTDELECEVLLVCVGRRPYTENLGLEEMGIERDQKGRV 
                     PVNSVFQTVIPNIYAIGDCIHGPMLAHKAEDEGIICIEGILGGPVHIDYNCVPSVIYT 
                     HPEVGWVGRSEEDLKSEGVDYKVGKFPFLANSRAKTNNETDGFVKVLADKATDRILGT 
                     HIVGPSAGELINEAVLAQEYGASSEDVARVCHAHPTCAEALREANVSAAFGKPINF" 
ORIGIN 
        1 TTGAAGTTGT CATTCCGTCG TCCTTTTTTC ATCGGAGTCT TGTCAAAAAT CCTTGAATTT 
       61 TTCTCAAAAA ATTATTTAAA AGGTTTATTT GTGAGTGACA ATTTCAATTT ATATTTCGAA 
      121 AAATGCAGGT TCAAGTGTGG AATACCATGG CTAATTCTTT GAAGCCCTCA GCATTAAGAC 
      181 TACAAAAAAA TGTTTACGCA AGCCTTTTAC AAAGATATTA TTCCTCATCG AACGATGCTG 
      241 ATGTTGTGGT CATTGGATCT GGCCCAGGAG GCTATGTGGC CGCTATCAAA GCTGCCCAGC 
      301 TAGGACTCAAAACAGTATGC ATAGAAAAGA ACCCTACGTT AGGAGGAACA TGTTTAAACG 
      361 TTGGTTGTAT TCCATCAAAA GCTTTACTAA ACAATTCTCA CTATTACCAT ATGGCCCATT 
      421 CAGGAGATCT TGCAAAAAGA GGAATAGAAA GTGACAATAT AAGATTAAAT CTTGACACAC 
      481 TTATGCAACA AAAGGTGAAT GCTGTGACTG CATTGACTGG AGGAATTGCA CAATTGTTTA 
      541 AAAAGAATAA AGTGGACTTG ATCAAAGGTC ATGGTAAGAT TACTGGAGTG AATCAGGTGA 
      601 CAGCGTTGAA GGAAGATGGT TCAAGCGAAG TGGTGAACAC TAAAAACATT TTGATTGCTA 
      661 CTGGGTCAG AAGTAACACCT TTCCCAGGGA TTGAGATTGA TGAGGAACAA GTTGTGTCAT 
      721 CAACTGGAGC CTTGTCATTG AAAGAAGTCC CCAAAAGACT TATCGTCATT GGGGCTGGTG 
      781 TTATTGGTGT TGAATTGGGC TCAGTGTGGT CAAGGTTAGG CTCAGAAGTA ACAGCTATCG 
      841 AGTTCCTTCC CTCAATTGGT GGCGTCGGTA TCGACCAAGA AGTTTCAAAA ACTTTACAGA 
      901 AAATCTTGAC AAAACAAGGA CTTAACTTTA AGCTGGGAAC TAAAGTAACT GGAGCAACCA 
      961 AATCAGGTGG TGTAGTGAGA GTCAGTGTTC AAGATGTAAA AGACAGCAGC AAAACTGATG 
     1021 AACTTGAATG CGAAGTTCTT TTGGTATGCG TTGGAAGGAG ACCCTACACT GAGAACCTGG 
     1081 GATTAGAAGA AATGGGTATT GAAAGGGACC AAAAAGGAAG GGTACCAGTA AACTCTGTAT 
     1141 TTCAAACTGT CATTCCAAAC ATATATGCCA TCGGTGACTG CATTCACGGA CCCATGTTGG 
     1201 CTCACAAAGC TGAAGATGAA GGAATCATTT GTATAGAAGG TATTTTGGGA GGTCCAGTTC 
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     1261 ACATAGATTA CAACTGTGTA CCTTCGGTCA TTTATACACA TCCTGAAGTT GGCTGGGTAG 
     1321 GTAGATCAGA GGAAGACCTC AAGAGTGAAG GTGTAGACTA TAAGGTTGGT AAGTTCCCCT 
     1381 TCCTGGCCAA CTCTCGAGCG AAAACCAACA ACGAAACTGA CGGTTTCGTT AAGGTCTTGG 
     1441 CAGACAAAGC TACAGACAGA ATTTTGGGCA CTCATATCGT CGGTCCCAGC GCCGGAGAAC 
     1501 TGATTAACGA AGCCGTACTA GCACAGGAGT ACGGCGCATC ATCCGAAGAC GTCGCCAGGG 
     1561 TATGCCACGC GCATCCCACC TGCGCAGAAG CCTTAAGAGA AGCGAACGTG AGCGCCGCTT 
     1621 TTGGAAAGCC CATCAACTTC TAACTTCACT CAAAGCAATA CACATACTTA TTTCCAAAAG 
     1681 TATTGGAAGA ATATCTCCGATAATTAGGATTAAATCGAAG TCATACGAAA TCGTTCATTT 
     1741 TCTTTAAGAA AAAAATCATA ATGTGCTTAA TTCCTTCGCAATACTTTGTA AATAAGTATT 
     1801 ATCGCCCCTT TTTTGTTATC GTTTATTTTG TATATATCTA TTTTTATTTT GTTTTTGAAT 
     1861 GTTCCAAGGT AATTAATTAG GTACATGAAG AATTTTAATA TTTAAATATC AGATACGATC 
     1921 GAAAATGTTT TAAATAATAA GTTATTTATT AAAAAA 
 
LOCUS       KT893323      1600 bp   mRNA     linear   INV 19-JAN-2016 
DEFINITION  Sitophilus oryzae strain QSO335 dihydrolipoamide dehydrogenase E3 
subunit (dld) mRNA, complete cds. 
ACCESSION   KT893323 
VERSION     KT893323.1  GI:974031353 
KEYWORDS    . 
SOURCE      Sitophilus oryzae (rice weevil) 
  ORGANISM  Sitophilus oryzae 
            Eukaryota; Metazoa; Ecdysozoa; Arthropoda; Hexapoda; Insecta; 
            Pterygota; Neoptera; Endopterygota; Coleoptera; Polyphaga; 
            Cucujiformia; Curculionidae; Dryophthorinae; Sitophilus. 
REFERENCE   1  (bases 1 to 1600) 
  AUTHORS   Nguyen,T.T., Collins,P.J., Duong,T.M., Schlipalius,D.I. and Ebert,P.R. 
  TITLE     Genetic conservation of Phosphine Resistance in the Rice Weevil Sitophilus 
oryzae (L.) 
  JOURNAL   J. Hered. (2016) In press 
   PUBMED   26774057 
   REMARK   Publication Status: Available-Online prior to print 
REFERENCE   2  (bases 1 to 1600) 
  AUTHORS   Ebert,P.R., Nguyen,T.T., Collins,P.J., Schlipalius,D.I. and Duong,T.M. 
  TITLE     Direct Submission 
  JOURNAL   Submitted (09-OCT-2015) School of Biological Sciences, University of 
Queensland, St Lucia, Queensland 4072, Australia 
COMMENT     ##Assembly-Data-START 
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             ##Assembly Method       :: CLC Genomic Workbench v. 7.0.3 
             Sequencing Technology :: Sanger dideoxy sequencing 
             ##Assembly-Data-END## 
FEATURES             Location/Qualifiers 
     source          1..1600 
                     /organism="Sitophilus oryzae" 
                     /mol_type="mRNA" 
                     /strain="QSO335" 
                     /db_xref="taxon:7048" 
                     /note="weakly resistant" 
     gene            1..1600 
                     /gene="dld" 
     CDS             37..1557 
                     /gene="dld" 
                     /codon_start=1 
                     /product="dihydrolipoamide dehydrogenase E3 subunit" 
                     /protein_id="ALY05705.1" 
                     /db_xref="GI:974031354" 
                     /translation="MQVQVWNTMANSLKPSALRLQKNVYASLLQRYYSSSNDADVVVI 
                     GSGPGGYVAAIKAAQLGLKTVCIEKNPTLGGTCLNVGCIPSKALLNNSHYYHMAHSGD 
                     LAKRGIESDNIRLNLDTLMQQKVNAVTALTGGIAQLFKKNKVDLIKGHGKITGVNQVT 
                     ALKEDGSSEVVNTKNILIATGSEVTPFPGIEIDEEQVVSSTGALSLKEVPKRLIVIGA 
                     GVIGVELGSVWSRLGSEVTAIEFLPSIGGVGIDQEVSKTLQKILTKQGLNFKLGTKVT 
                     GATKSGGVVRVSVQDVKDSSKTDELECEVLLVCVGRRPYTENLGLEEMGIERDQKGRV 
                     PVNSVFQTVIPNIYAIGDCIHGPMLAHKAEDEGIICIEGILGGPVHIDYNCVPSVIYT 
                     HPEVGWVGRSEEDLKSEGVDYKVGKFPFLANSRAKTNNETDGFVKVLADKATDRILGT 
                     HIVGPSAGELINEAVLAQEYGASSEDVARVCHAHPTCAEALREANVSAAFGKPINF" 
ORIGIN 
        1 ATTTGTGAGT GACAATTTCA ATTTATATTT CGAAAAATGC AGGTTCAAGT GTGGAATACC 
       61 ATGGCTAATT CTTTGAAGCC CTCAGCATTA AGACTACAAA AAAATGTTTA CGCAAGCCTT 
      121 TTACAAAGAT ATTATTCCTC ATCGAACGAT GCTGATGTTG TGGTCATTGG ATCTGGCCCA 
      181 GGAGGCTATG TAGCCGCTAT CAAAGCTGCC CAGCTAGGAC TCAAAACAGT ATGCATAGAA 
      241 AAGAACCCTA CGTTAGGAGG AACATGTTTA AACGTTGGTT GTATTCCATC AAAAGCTTTA 
      301 CTAAACAATT CTCACTATTA CCATATGGCC CATTCAGGAG ATCTTGCAAA AAGAGGAATA 
      361 GAAAGTGACA ATATAAGATT AAATCTTGAC ACACTTATGC AACAAAAGGT GAATGCTGTG 
      421 ACTGCATTGA CTGGAGGAAT TGCACAATTG TTTAAAAAGA ATAAAGTGGA CTTGATCAAA 
      481 GGTCATGGTA AGATTACTGG AGTGAATCAG GTGACAGCGT TGAAGGAAGA TGGTTCAAGC 
      541 GAAGTGGTGA ACACTAAAAA CATTTTGATT GCTACTGGGT CAGAAGTAAC ACCTTTCCCA 
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      601 GGGATTGAGA TTGATGAGGA ACAAGTTGTG TCATCAACTG GAGCCTTGTC ATTGAAAGAA 
      661 GTCCCCAAAA GACTTATCGT CATTGGGGCT GGTGTTATTG GTGTTGAATT GGGCTCAGTG 
      721 TGGTCAAGGT TAGGCTCAGA AGTAACAGCT ATCGAGTTCC TTCCCTCAAT TGGTGGCGTC 
      781 GGTATCGACC AAGAAGTTTC AAAAACTTTA CAGAAAATCT TGACAAAACA AGGACTTAAC 
      841 TTTAAGCTGG GAACTAAAGT AACTGGAGCA ACCAAATCAG GTGGTGTAGT GAGAGTCAGT 
      901 GTTCAAGATG TAAAAGACAG CAGCAAAACT GATGAACTTG AATGCGAAGT TCTTTTGGTA 
      961 TGCGTTGGAA GGAGACCCTA CACTGAGAAC CTGGGATTAG AAGAAATGGG TATTGAAAGG 
     1021 GACCAAAAAG GAAGGGTACC AGTAAACTCT GTATTTCAAA CTGTCATTCC AAACATATAT 
     1081 GCCATCGGTG ACTGCATTCA CGGACCCATG TTGGCTCACA AAGCTGAAGA TGAAGGAATC 
     1141 ATTTGTATAG AAGGTATTTT GGGAGGTCCA GTTCACATAG ATTACAACTG TGTACCTTCG 
     1201 GTCATTTATA CACATCCTGA AGTTGGCTGG GTAGGTAGAT CAGAGGAAGA CCTCAAGAGT 
     1261 GAAGGTGTAG ACTATAAGGT TGGTAAGTTC CCCTTCCTGG CCAACTCTCG AGCGAAAACC 
     1321 AACAACGAAA CTGACGGTTT CGTTAAGGTC TTGGCGGACA AAGCTACAGA CAGAATTTTG 
     1381 GGAACTCACA TCGTCGGTCC CAGCGCCGGA GAACTGATTA ACGAAGCCGT ATTAGCACAG 
     1441 GAGTACGGCG CATCATCCGA AGACGTCGCC AGGGTATGCC ACGCGCATCC CACCTGCGCA 
     1501 GAAGCCTTAA GAGAAGCGAA CGTGAGCGCC GCTTTTGGAA AGCCCATCAA CTTCTAACTT 
     1561 CACTCAAAGC AATACACATA CTTATTTCCA AAAGTATTGG 
 
LOCUS       KT893324      1672 bp   mRNA     linear   INV 19-JAN-2016 
DEFINITION  Sitophilus oryzae strain NNSO7525 dihydrolipoamide dehydrogenase E3 
            subunit (dld) mRNA, complete cds. 
ACCESSION   KT893324 
VERSION     KT893324.1  GI:974031355 
KEYWORDS    . 
SOURCE      Sitophilus oryzae (rice weevil) 
  ORGANISM  Sitophilus oryzae 
            Eukaryota; Metazoa; Ecdysozoa; Arthropoda; Hexapoda; Insecta; 
            Pterygota; Neoptera; Endopterygota; Coleoptera; Polyphaga; 
            Cucujiformia; Curculionidae; Dryophthorinae; Sitophilus. 
REFERENCE   1  (bases 1 to 1672) 
  AUTHORS   Nguyen,T.T., Collins,P.J., Duong,T.M., Schlipalius,D.I. and Ebert,P.R. 
  TITLE     Genetic conservation of Phosphine Resistance in the Rice Weevil Sitophilus 
oryzae (L.) 
  JOURNAL   J. Hered. (2016) In press 
   PUBMED   26774057 
   REMARK   Publication Status: Available-Online prior to print 
REFERENCE   2  (bases 1 to 1672) 
  AUTHORS   Ebert,P.R., Nguyen,T.T., Collins,P.J., Schlipalius,D.I. and Duong,T.M. 
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  TITLE     Direct Submission 
  JOURNAL   Submitted (09-OCT-2015) School of Biological Sciences, University of 
Queensland, St Lucia, Queensland 4072, Australia 
COMMENT     ##Assembly-Data-START 
             ##Assembly Method       :: CLC Genomic Workbench v. 7.0.3 
            Sequencing Technology :: Sanger dideoxy sequencing 
             ##Assembly-Data-END## 
FEATURES             Location/Qualifiers 
     source          1..1672 
                     /organism="Sitophilus oryzae" 
                     /mol_type="mRNA" 
                     /strain="NNSO7525" 
                     /db_xref="taxon:7048" 
                     /note="strongly resistant" 
     gene            1..1672 
                     /gene="dld" 
     CDS             67..1587 
                     /gene="dld" 
                     /codon_start=1 
                     /product="dihydrolipoamide dehydrogenase E3 subunit" 
                     /protein_id="ALY05706.1" 
                     /db_xref="GI:974031356" 
                     /translation="MQVQVWNTMANSLKPSALRLQKNVYASLLQRYYSSSNDADVVVI 
                     GSGPGGYVAAIKAAQLGLKTVCIEKNPTLGGTCLNVGCIPSKALLNNSHYYHMAHSGD 
                     LAKRGIESDNIRLNLDTLMQQKVNAVTALTGGIAQLFKKNKVDLIKGHGKITGVNQVT 
                     ALKEDGSSEVVNTKNILIATGSEVTPFPGIEIDEEQVVSSTGALSLKEVPKRLIVIGA 
                     GVIGVELGSVWSRLGSEVTAIEFLPSIGGVGIDQEVSKTLQKILTKQGLNFKLGTKVT 
                     GATKSGGVVRVSVQDVKDRSKTDELECEVLLVCVGRRPYTENLGLEEMGIERDQKGRV 
                     PVNSVFQTVIPNIYAIGDCIHGPMLAHKAEDEGIICIEGILGGPVHIDYNCVPSVIYT 
                     HPEVGWVGRSEEDLKSEGVDYKVGKFPFLANSRAKTNNETDGFVKVLADKATDRILGT 
                     HIVGPSAGELINEAVLAQEYGASSEDVARVCHAHPTCAEALREANVSAAFGKPITF" 
ORIGIN 
        1 ATTTTTCTCA AAAAATTATT TAAAAGGTTT ATTTGTGAGT GACAATTTCA ATTTATATTT 
       61 CGAAAAATGC AGGTTCAAGT GTGGAATACC ATGGCTAATT CTTTGAAGCC CTCAGCATTA 
      121 AGACTACAAA AAAATGTTTA TGCAAGCCTT TTACAAAGAT ATTATTCCTC ATCGAACGAT 
      181 GCTGATGTTG TGGTCATTGG ATCTGGCCCA GGAGGCTATG TAGCCGCTAT CAAAGCTGCC 
      241 CAGCTAGGAC TCAAAACAGT ATGCATAGAA AAGAACCCTA CGTTAGGAGG AACATGTTTA 
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      301 AACGTTGGTT GTATTCCATC AAAAGCTTTA CTAAACAATT CTCACTATTA CCATATGGCC 
      361 CATTCAGGAG ATCTTGCAAA AAGAGGAATA GAAAGTGACA ATATAAGATT AAATCTTGAC 
      421 ACACTTATGC AACAAAAGGT GAATGCTGTG ACTGCATTGA CTGGAGGAAT TGCACAATTG 
      481 TTTAAAAAGA ATAAAGTGGA CTTGATCAAA GGTCATGGTA AGATTACTGG AGTGAATCAG 
      541 GTGACAGCGT TGAAGGAAGA TGGTTCAAGC GAAGTGGTGA ACACTAAAAA CATTTTGATT 
      601 GCTACTGGGT CAGAAGTAAC ACCTTTCCCA GGGATTGAGA TTGATGAGGA ACAAGTTGTG 
      661 TCATCAACTG GAGCCTTGTC ATTGAAAGAA GTCCCCAAAA GACTTATCGT CATTGGGGCT 
      721 GGTGTTATTG GTGTTGAATT GGGCTCAGTG TGGTCAAGGT TAGGCTCAGA AGTAACAGCT 
      781 ATCGAGTTCC TTCCCTCAAT TGGTGGCGTA GGTATCGACC AAGAAGTTTC AAAAACTTTA 
      841 CAGAAAATCT TGACAAAACA AGGACTTAAC TTTAAGCTGG GAACTAAAGT AACAGGAGCT 
      901 ACCAAATCAG GGGGTGTAGT GAGAGTCAGT GTTCAGGATG TAAAAGACAG AAGCAAAACT 
      961 GATGAACTTG AATGCGAAGT TCTTTTGGTA TGCGTTGGAA GGAGACCCTA CACTGAGAAC 
     1021 CTGGGATTAG AAGAAATGGG TATTGAAAGG GACCAAAAAG GAAGGGTACC AGTAAACTCT 
     1081 GTATTTCAAA CTGTCATTCC AAACATATAT GCTATCGGTG ACTGCATTCA CGGACCCATG 
     1141 TTGGCTCACA AAGCTGAAGA TGAAGGAATC ATTTGTATAG AAGGTATTTT GGGAGGTCCA 
     1201 GTTCACATAG ATTACAACTG TGTACCTTCG GTCATTTATA CACATCCTGA AGTTGGCTGG 
     1261 GTAGGTAGGT CAGAGGAAGA CCTCAAGAGT GAAGGTGTAG ACTATAAGGT TGGTAAGTTC 
     1321 CCCTTCCTGG CCAACTCTCG AGCGAAAACC AACAACGAAA CTGACGGTTT CGTTAAGGTC 
     1381 TTGGCGGACA AAGCTACAGA CAGAATTTTG GGAACTCACA TCGTCGGTCC CAGCGCCGGA 
     1441 GAACTGATTA ACGAAGCCGT ATTAGCACAG GAGTACGGCG CATCATCCGA AGACGTCGCC 
     1501 AGGGTATGCC ACGCGCATCC CACCTGCGCA GAAGCCTTAA GAGAAGCGAA CGTGAGCGCC 
     1561 GCTTTTGGAA AGCCCATCAC CTTCTAACTT CACTCAAAGC AATACACATA CTTATTTCCA 
     1621 AAAGTATTGG AAGAATATCT CCGATAATTA GGATTAAATC GAAGTCATAC GA 
 
LOCUS       KT893325      1665 bp   mRNA     linear   INV 19-JAN-2016 
DEFINITION  Sitophilus oryzae strain Santai dihydrolipoamide dehydrogenase E3 subunit 
(dld) mRNA, complete cds. 
ACCESSION   KT893325 
VERSION     KT893325.1  GI:974031357 
KEYWORDS    . 
SOURCE      Sitophilus oryzae (rice weevil) 
  ORGANISM  Sitophilus oryzae 
            Eukaryota; Metazoa; Ecdysozoa; Arthropoda; Hexapoda; Insecta; 
            Pterygota; Neoptera; Endopterygota; Coleoptera; Polyphaga; 
            Cucujiformia; Curculionidae; Dryophthorinae; Sitophilus. 
REFERENCE   1  (bases 1 to 1665) 
  AUTHORS   Nguyen,T.T., Collins,P.J., Duong,T.M., Schlipalius,D.I. and Ebert,P.R. 
  TITLE     Genetic conservation of Phosphine Resistance in the Rice Weevil Sitophilus 
oryzae (L.) 
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  JOURNAL   J. Hered. (2016) In press 
   PUBMED   26774057 
   REMARK   Publication Status: Available-Online prior to print 
REFERENCE   2  (bases 1 to 1665) 
  AUTHORS   Ebert,P.R., Nguyen,T.T., Collins,P.J., Schlipalius,D.I. and Duong,T.M. 
  TITLE     Direct Submission 
  JOURNAL   Submitted (09-OCT-2015) School of Biological Sciences, University of 
Queensland, St Lucia, Queensland 4072, Australia 
COMMENT     ##Assembly-Data-START 
             ##Assembly Method       :: CLC Genomic Workbench v. 7.0.3 
             Sequencing Technology :: Sanger dideoxy sequencing 
             ##Assembly-Data-END## 
FEATURES             Location/Qualifiers 
     source          1..1665 
                     /organism="Sitophilus oryzae" 
                     /mol_type="mRNA" 
                     /strain="Santai" 
                     /db_xref="taxon:7048" 
                     /note="strongly resistant Chinese" 
     gene            1..1665 
                     /gene="dld" 
     CDS             56..1576 
                     /gene="dld" 
                     /codon_start=1 
                     /product="dihydrolipoamide dehydrogenase E3 subunit" 
                     /protein_id="ALY05707.1" 
                     /db_xref="GI:974031358" 
                     /translation="MQVQVWNTMANSLKPSALRLQKNVYASLLQRYYSSSNDADVVVI 
                     GSGPGGYVAAIKAAQLGLKTVCIEKNPTLGGTCLNVGCIPSKALLNNSHYYHMAHSGD 
                     LAKRGIESDNIRLNLDTLMQQKVNAVTALTGGIAQLFKKNKVDLIKGHGKITGVNQVT 
                     ALKEDGSSEVVNTKNILIATGSEVTPFPGIEIDEEQVVSSTGALSLKEVPKRLIVIGA 
                     GVIGVELGSVWSRLGSEVTAIEFLPSIGGVGIDQEVSKTLQKILTKQGLNFKLGTKVT 
                     GATKSGGVVRVSVQDVKDSSKTDELECEVLLVCVGRRPYTENLGLEEMGIERDQKGRV 
                     PVNSVFQTVIPNIYAIGDCIHGPMLAHKAEDEGIICIEGILGGPVHIDYNCVPSVIYT 
                     HPEVGWVGRSEEDLKSEGVDYKVGKFPFLANSRAKTNNETDGFVKVLADKATDRILGT 
                     HIVGPSAGELINEAVLAQEYGASSEDVARVCHAHPTCAEALREANVSAAFGKPITF" 
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ORIGIN 
        1 AAAATTATTT AAAAGGTTTA TTTGTGAGTG ACAATTTCAA TTTATATTTC GAAAAATGCA 
       61 GGTTCAAGTG TGGAATACCA TGGCTAATTC TTTGAAGCCC TCAGCATTAA GACTACAAAA 
      121 AAATGTTTAC GCAAGCCTTT TACAAAGATA TTATTCCTCA TCGAACGATG CTGATGTTGT 
      181 GGTCATTGGA TCTGGCCCAG GAGGCTATGT AGCCGCTATC AAAGCTGCCC AGCTAGGACT 
      241 CAAAACAGTA TGCATAGAAA AGAACCCTAC GTTAGGAGGA ACATGTTTAA ACGTTGGTTG 
      301 TATTCCATCA AAAGCTTTAC TAAACAATTC TCACTATTAC CATATGGCCC ATTCAGGAGA 
      361 TCTTGCAAAA AGAGGAATAG AAAGTGACAA TATAAGATTA AATCTTGACA CACTTATGCA 
      421 ACAAAAGGTG AATGCTGTGA CTGCATTGAC TGGAGGAATT GCACAATTGT TTAAAAAGAA 
      481 TAAAGTGGAC TTGATCAAAG GTCATGGTAA GATTACTGGA GTGAATCAGG TGACAGCGTT 
      541 GAAGGAAGAT GGTTCAAGCG AAGTGGTGAA CACTAAAAAC ATTTTGATTG CTACTGGGTC 
      601 AGAAGTAACA CCTTTCCCAG GGATTGAGAT TGATGAGGAA CAAGTTGTGT CATCAACTGG 
      661 AGCCTTGTCA TTGAAAGAAG TCCCCAAAAG ACTTATCGTC ATTGGGGCTG GTGTTATTGG 
      721 TGTTGAATTG GGCTCAGTGT GGTCAAGGTT AGGCTCAGAA GTAACAGCTA TCGAGTTCCT 
      781 TCCCTCAATT GGTGGCGTAG GTATCGACCA AGAAGTTTCA AAAACTTTAC AGAAAATCTT 
      841 GACAAAACAA GGACTTAACT TTAAGCTGGG AACTAAAGTA ACAGGAGCTA CCAAATCAGG 
      901 GGGTGTAGTG AGAGTCAGTG TTCAGGATGT AAAAGACAGC AGCAAAACTG ATGAACTTGA 
      961 ATGCGAAGTT CTTTTGGTAT GCGTTGGAAG GAGACCCTAC ACTGAGAACC TGGGATTAGA 
     1021 AGAAATGGGT ATTGAAAGGG ACCAAAAAGG AAGGGTACCA GTAAACTCTG TATTTCAAAC 
     1081 TGTCATTCCA AACATATATG CCATCGGTGA CTGCATTCAC GGACCCATGT TGGCTCATAA 
     1141 AGCTGAAGAT GAAGGAATCA TTTGTATAGA AGGTATTTTG GGAGGTCCAG TTCACATAGA 
     1201 TTACAACTGT GTACCTTCGG TCATTTATAC ACATCCTGAA GTTGGCTGGG TAGGTAGATC 
     1261 AGAGGAAGAC CTCAAGAGTG AAGGTGTAGA CTATAAGGTT GGTAAGTTCC CCTTCCTGGC 
     1321 CAACTCTCGA GCGAAAACCA ACAACGAAAC TGATGGTTTC GTTAAGGTCT TGGCGGACAA 
     1381 AGCTACAGAC AGAATTTTGG GCACTCACAT CGTCGGTCCC AGCGCCGGAG AACTGATTAA 
     1441 CGAAGCCGTA CTAGCACAGG AGTACGGCGC ATCATCCGAA GACGTCGCCA GGGTATGCCA 
     1501 CGCGCATCCC ACCTGCGCAG AAGCCTTAAG AGAAGCGAAC GTGAGCGCCG CTTTTGGAAA 
     1561 GCCCATCACC TTCTAACTTC ACTCAAAGCA ATACACATAC TTATTTCCAA AAGTATTGGA 
     1621 AGAATATCTC CGATAATTAG GATTAAATCG AAGTCATACG AAATC 
 
LOCUS       KT893326      1662 bp   mRNA     linear   INV 19-JAN-2016 
DEFINITION  Sitophilus oryzae strain Daklak dihydrolipoamide dehydrogenase E3 subunit 
(dld) mRNA, complete cds. 
ACCESSION   KT893326 
VERSION     KT893326.1  GI:974031359 
KEYWORDS    . 
SOURCE      Sitophilus oryzae (rice weevil) 
  ORGANISM  Sitophilus oryzae 
            Eukaryota; Metazoa; Ecdysozoa; Arthropoda; Hexapoda; Insecta; 
            Pterygota; Neoptera; Endopterygota; Coleoptera; Polyphaga; 
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            Cucujiformia; Curculionidae; Dryophthorinae; Sitophilus. 
REFERENCE   1  (bases 1 to 1662) 
  AUTHORS   Nguyen,T.T., Collins,P.J., Duong,T.M., Schlipalius,D.I. and Ebert,P.R. 
  TITLE     Genetic conservation of Phosphine Resistance in the Rice Weevil Sitophilus 
oryzae (L.) 
  JOURNAL   J. Hered. (2016) In press 
   PUBMED   26774057 
   REMARK   Publication Status: Available-Online prior to print 
REFERENCE   2  (bases 1 to 1662) 
  AUTHORS   Ebert,P.R., Nguyen,T.T., Collins,P.J., Schlipalius,D.I. and Duong,T.M. 
  TITLE     Direct Submission 
  JOURNAL   Submitted (09-OCT-2015) School of Biological Sciences, University of 
Queensland, St Lucia, Queensland 4072, Australia 
COMMENT     ##Assembly-Data-START 
             ##Assembly Method       :: CLC Genomic Workbench v. 7.0.3 
             Sequencing Technology :: Sanger dideoxy sequencing 
             ##Assembly-Data-END## 
FEATURES             Location/Qualifiers 
     source          1..1662 
                     /organism="Sitophilus oryzae" 
                     /mol_type="mRNA" 
                     /strain="Daklak" 
                     /db_xref="taxon:7048" 
                     /note="strongly resistant Vietnamese" 
     gene            1..1662 
                     /gene="dld" 
     CDS             53..1573 
                     /gene="dld" 
                     /codon_start=1 
                     /product="dihydrolipoamide dehydrogenase E3 subunit" 
                     /protein_id="ALY05708.1" 
                     /db_xref="GI:974031360" 
                     /translation="MQVQVWNTMANSLKPSALRLQKNVYASLLQRYYSSSNDADVVVI 
                     GSGPGGYVAAIKAAQLGLKTVCIEKNPTLGGTCLNVGCIPSKALLNNSHYYHMAHSGD 
                     LAKRGIESDNIRLNLDTLMQQKVNAVTALTGGIAQLFKKNKVDLIKGHGKITGVNQVT 
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                     ALKEDGSSEVVNTKNILIATGSEVTPFPGIEIDEEQVVSSTGALSLKEVPKRLIVIGA 
                     GVIGVELGSVWSRLGSEVTAIEFLPSIGGVGIDQEVSKTLQKILTKQGLNFKLGTKVT 
                     GATKSGGVVRVSVQDVKDSSKTDELECEVLLVCVGRRPYTENLGLEEMGIERDQKGRV 
                     PVNSVFQTVIPNIYAIGDCIHGPMLAHKAEDEGIICIEGILGGPVHIDYNCVPSVIYT 
                     HPEVGWVGRSEEDLKSEGVDYKVGKFPFLANSRAKTNNETDGFVKVLADKATDRILGT 
                     HIVGPSAGELINEAVLAQEYGASSEDVARVCHAHPTCAEALREANVSAAFGKPITF" 
ORIGIN 
        1 ATTATTTAAA AGGTTTATTT GTGAGTGACA ATTTCAATTT ATATTTCGAA AAATGCAGGT 
       61 TCAAGTGTGG AATACCATGG CTAATTCTTT GAAGCCCTCA GCATTAAGAC TACAAAAAAA 
      121 TGTTTACGCA AGCCTTTTAC AAAGATATTA TTCCTCATCG AACGATGCTG ATGTTGTGGT 
      181 CATTGGATCT GGCCCAGGAG GCTATGTAGC CGCTATCAAA GCTGCCCAGC TAGGACTCAA 
      241 AACAGTATGC ATAGAAAAGA ACCCTACGTT AGGAGGAACA TGTTTAAACG TTGGTTGTAT 
      301 TCCATCAAAA GCTTTACTAA ACAATTCTCA CTATTACCAT ATGGCCCATT CAGGAGATCT 
      361 TGCAAAAAGA GGAATAGAAA GTGACAATAT AAGATTAAAT CTTGACACAC TTATGCAACA 
      421 AAAGGTGAAT GCTGTGACTG CATTGACTGG AGGAATTGCA CAATTGTTTA AAAAGAATAA 
      481 AGTGGACTTG ATCAAAGGTC ATGGTAAGAT TACTGGAGTG AATCAGGTGA CAGCGTTGAA 
      541 GGAAGATGGT TCAAGCGAAG TGGTGAACAC TAAAAACATT TTGATTGCTA CTGGGTCAGA 
      601 AGTAACACCT TTCCCAGGGA TTGAGATTGA TGAGGAACAA GTTGTGTCAT CAACTGGAGC 
      661 CTTGTCATTG AAAGAAGTCC CCAAAAGACT TATCGTCATT GGGGCTGGTG TTATTGGTGT 
      721 TGAATTGGGC TCAGTGTGGT CAAGGTTAGG CTCAGAAGTA ACAGCTATCG AGTTCCTTCC 
      781 CTCAATTGGT GGCGTAGGTA TCGACCAAGA AGTTTCAAAA ACTTTACAGA AAATCTTGAC 
      841 AAAACAAGGA CTTAACTTTA AGCTGGGAAC TAAAGTAACA GGAGCTACCA AATCAGGGGG 
      901 TGTAGTGAGA GTCAGTGTTC AGGATGTAAA AGACAGCAGC AAAACTGATG AACTTGAATG 
      961 CGAAGTTCTT TTGGTATGCG TTGGAAGGAG ACCCTACACT GAGAACCTGG GATTAGAAGA 
     1021 AATGGGTATT GAAAGGGACC AAAAAGGAAG GGTACCAGTA AACTCTGTAT TTCAAACTGT 
     1081 CATTCCAAAC ATATATGCCA TCGGTGACTG CATTCACGGA CCCATGTTGG CTCACAAAGC 
     1141 TGAAGATGAA GGAATCATTT GTATAGAAGG TATTTTGGGA GGTCCAGTTC ACATAGATTA 
     1201 CAACTGTGTA CCTTCGGTCA TTTATACACA TCCTGAAGTT GGCTGGGTAG GTAGATCAGA 
     1261 GGAAGACCTC AAGAGTGAAG GTGTAGACTA TAAGGTTGGT AAGTTCCCCT TCCTGGCCAA 
     1321 CTCTCGAGCG AAAACCAACA ACGAAACTGA CGGTTTCGTT AAGGTCTTGG CGGACAAAGC 
     1381 TACAGACAGA ATTTTGGGCA CTCACATCGT CGGTCCCAGC GCCGGAGAAC TGATTAACGA 
     1441 AGCCGTACTA GCACAGGAGT ACGGCGCATC ATCCGAAGAC GTCGCCAGGG TATGCCACGC 
     1501 GCATCCCACC TGCGCAGAAG CCTTAAGAGA AGCGAACGTG AGCGCCGCTT TTGGAAAGCC 
     1561 CATCACCTTC TAACTTCACT CAAAGCAATA CACATACTTA TTTCCAAAAG TATTGGAAGA 
     1621 ATATCTCCGA TAATTAGGAT TAAATCGAAG TCATACGAAA TC 
 
LOCUS       KT893327      1663 bp   mRNA     linear   INV 19-JAN-2016 
DEFINITION  Sitophilus oryzae strain Vinhphuc dihydrolipoamide dehydrogenase E3 
subunit (dld) mRNA, complete cds. 
ACCESSION   KT893327 
VERSION     KT893327.1  GI:974031361 
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KEYWORDS    . 
SOURCE      Sitophilus oryzae (rice weevil) 
  ORGANISM  Sitophilus oryzae 
            Eukaryota; Metazoa; Ecdysozoa; Arthropoda; Hexapoda; Insecta; 
            Pterygota; Neoptera; Endopterygota; Coleoptera; Polyphaga; 
            Cucujiformia; Curculionidae; Dryophthorinae; Sitophilus. 
REFERENCE   1  (bases 1 to 1663) 
  AUTHORS   Nguyen,T.T., Collins,P.J., Duong,T.M., Schlipalius,D.I. and Ebert,P.R. 
  TITLE     Genetic conservation of Phosphine Resistance in the Rice Weevil Sitophilus 
oryzae (L.) 
  JOURNAL   J. Hered. (2016) In press 
   PUBMED   26774057 
   REMARK   Publication Status: Available-Online prior to print 
REFERENCE   2  (bases 1 to 1663) 
  AUTHORS   Ebert,P.R., Nguyen,T.T., Collins,P.J., Schlipalius,D.I. and Duong,T.M. 
  TITLE     Direct Submission 
  JOURNAL   Submitted (09-OCT-2015) School of Biological Sciences, University of 
Queensland, St Lucia, Queensland 4072, Australia 
COMMENT     ##Assembly-Data-START 
             ##Assembly Method       :: CLC Genomic Workbench v. 7.0.3 
             Sequencing Technology :: Sanger dideoxy sequencing 
             ##Assembly-Data-END## 
FEATURES             Location/Qualifiers 
     source          1..1663 
                     /organism="Sitophilus oryzae" 
                     /mol_type="mRNA" 
                     /strain="Vinhphuci" 
                     /db_xref="taxon:7048" 
                     /note="strongly resistant Vietnamese" 
     gene            1..1663 
                     /gene="dld" 
     CDS             54..1574 
                     /gene="dld" 
                     /codon_start=1 
                     /product="dihydrolipoamide dehydrogenase E3 subunit" 
 133 
 
                     /protein_id="ALY05709.1" 
                     /db_xref="GI:974031362" 
                     /translation="MQVQVWNTMANSLKPSALRLQKNVYASLLQRYYSSSNDADVVVI 
                     GSGPGGYVAAIKAAQLGLKTVCIEKNPTLGGTCLNVGCIPSKALLNNSHYYHMAHSGD 
                     LAKRGIESDNIRLNLDTLMQQKVNAVTALTGGIAQLFKKNKVDLIKGHGKITGVNQVT 
                     ALKEDGSSEVVNTKNILIATGSEVTPFPGIEIDEEQVVSSTGALSLKEVPKRLIVIGA 
                     GVIGVELGSVWSRLGSEVTAIEFLPSIGGVGIDQEVSKTLQKILTKQGLNFKLGTKVT 
                     GATKSGGVVRVSVQDVKDSSKTDELECEVLLVCVGRRPYTENLGLEEMGIERDQKGRV 
                     PVNSVFQTVIPNIYAIGDCIHGPMLAHKAEDEGIICIEGILGGPVHIDYNCVPSVIYT 
                     HPEVGWVGRSEEDLKSEGVDYKVGKFPFLANSRAKTNNETDGFVKVLADKATDRILGT 
                     HIVGPSAGELINEAVLAQEYGASSEDVARVCHAHPTCAEALREANVSAAFGKPITF" 
ORIGIN 
        1 AATTATTTAA AAGGTTTATT TGTGAGTGAC AATTTCAATT TATATTTCGA AAAATGCAGG 
       61 TTCAAGTGTG GAATACCATG GCTAATTCTT TGAAGCCCTC AGCATTAAGA CTACAAAAAA 
      121 ATGTTTACGC AAGCCTTTTA CAAAGATATT ATTCCTCATC GAACGATGCT GATGTTGTGG 
      181 TCATTGGATC TGGCCCAGGA GGCTATGTGG CCGCTATCAA AGCTGCCCAG CTAGGACTCA 
      241 AAACAGTATG CATAGAAAAG AACCCTACGT TAGGAGGAAC ATGTTTAAAC GTTGGTTGTA 
      301 TTCCATCAAA AGCTTTACTA AACAATTCTC ACTATTACCA TATGGCCCAT TCAGGAGATC 
      361 TTGCAAAAAG AGGAATAGAA AGTGACAATA TAAGATTAAA TCTTGACACA CTTATGCAAC 
      421 AAAAGGTGAA TGCTGTGACT GCATTGACTG GAGGAATTGC ACAATTGTTT AAAAAGAATA 
      481 AAGTGGACTT GATCAAAGGT CATGGTAAGA TTACTGGAGT GAATCAGGTG ACAGCGTTGA 
      541 AGGAAGATGG TTCAAGCGAA GTGGTGAACA CTAAAAACAT TTTGATTGCT ACTGGGTCAG 
      601 AAGTAACACC TTTCCCAGGG ATTGAGATTG ATGAGGAACA AGTTGTGTCA TCAACTGGAG 
      661 CCTTGTCATT GAAAGAAGTC CCCAAAAGAC TTATCGTCAT TGGGGCTGGT GTTATTGGTG 
      721 TTGAATTGGG CTCAGTGTGG TCAAGGTTAG GCTCAGAAGT AACAGCTATC GAGTTCCTTC 
      781 CCTCAATTGG TGGCGTAGGT ATCGACCAAG AAGTTTCAAA AACTTTACAG AAAATCTTGA 
      841 CAAAACAAGG ACTTAACTTT AAGCTGGGAA CTAAAGTAAC TGGAGCTACC AAATCAGGTG 
      901 GTGTAGTGAG AGTCAGTGTT CAGGATGTAA AAGACAGCAG CAAAACTGAT GAACTTGAAT 
      961 GCGAAGTTCT TTTGGTATGC GTTGGAAGGA GACCCTACAC TGAGAACCTG GGATTAGAAG 
     1021 AAATGGGTAT TGAAAGGGAC CAAAAAGGAA GGGTACCAGT AAACTCTGTA TTTCAAACTG 
     1081 TCATTCCAAA CATATATGCC ATCGGTGACT GCATTCACGG ACCCATGTTG GCTCACAAAG 
     1141 CTGAAGATGA AGGAATCATT TGTATAGAAG GTATTTTGGG AGGTCCAGTT CACATAGATT 
     1201 ACAACTGTGT ACCTTCGGTC ATTTATACAC ATCCTGAAGT TGGCTGGGTA GGTAGATCAG 
     1261 AGGAAGACCT CAAGAGTGAA GGTGTAGACT ATAAGGTTGG TAAGTTCCCC TTCCTGGCCA 
     1321 ACTCTCGAGC GAAAACCAAC AACGAAACTG ACGGTTTCGT TAAGGTCTTG GCAGACAAAG 
     1381 CTACAGACAG AATTTTGGGC ACTCACATCG TCGGTCCCAG CGCCGGAGAA CTGATTAACG 
     1441 AAGCCGTACT AGCACAGGAG TACGGCGCAT CATCCGAAGA CGTCGCCAGG GTATGCCACG 
     1501 CGCATCCCAC CTGCGCAGAA GCCTTAAGAG AAGCGAACGT GAGCGCCGCT TTTGGAAAGC 
     1561 CCATCACCTT CTAACTTCAC TCAAAGCAAT ACACATACTT ATTTCCAAAA GTATTGGAAG 
     1621 AATATCTCCG ATAATTAGGA TTAAATCGAA GTCATACGAA ATC 
 
